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ELECTROMAGNETIC ANALYSIS OF RADOMES BY THE MOMENT METHOD
6. Tricoles, E.L. Raope, and R. A. Hayward

General Dynamics Electronic Division
P.0.Box 85227, San Diego, Ca 22138

AD-P004 351

INTRODUCTION

The electromagnetic performance of radomes is usually
analyzed approximately by ray tracing, surface integration,
or angular spectra. A significant approximation is that the
radome is locally flat, and transmittance at a point is
described by a set of flat sheets of infinite extent. This
approximation is significant in the analysis of wave
o polarization dependence of boresight error, especially near
the shadow of a tip where the surface normal direction
varies rapidly because of circumferential curvature. -_The
flat sheet approximation also omits guided waves and
scattering by the discontinuity at the tip. The moment
method also includes reflections, which influence antenna.
sidelobe calculations. o

X
»

AG il

~ R e
:"r'"r'
-

A

™"

This paper describes calculations for hollow wedges; these
are based on a theory of J. H. Richmond for hollow cylinders
of arbitrary shape. The paper also gives a new theory for
hollow cones and circular rings, and it compares camputed
and measured phase and intensity values for a cone and a
ring.
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J.H. Richmond developed a theory for scattering by hollow
dielectric cylinders of arbitrary shape[l—Z]. This theory
is part of what is now called the moment method. The method
involves solving an integral equation for the total field E7
where ET is the sum of the incident field, that without a
scatterer, and the scattered field E®. In symbols
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ET = EX + E=; (1)
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these fields are vectors. They are derived from a vector
potential A and a scalar potentiald . For the scattered
field,

T«

E® = ipA ~-V'¢ (2)
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where i is VLI, ®w is radian frequency, and time dependence
is expi~iwt). The prime means the gradient is taken at the
observation point. The vector potential is
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(3)

47A= iwpPofo S (K—=1)gE™ dv

where K is dielectric constant; g is r™lexpGkr); k is 27/)
A 1S wavelength, r is the distance between sowrce and
observation points. The scalar potential is

4T =-SgV.(K-— 1) ET dv 4)
Equation 1 is an integral equation. It is changed to a set
of simultanecus equations by decomposing the scatterer into

cells small enough to justify assuming the field is constant
in a cell. At the center of each cell

E"T - E"B = E"I

the index m ranges from I to N, the number of cells. Now

Em® is a sum because all cells contribute to the field at a
cell.
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SCATTERING BY CYLINDERS AND HOLLOW WEDGES o
P
Richmond considered cells that were infinitely long circular %? f
cylinders. With these cells, hollow cylinders, hollow P
wedges, and slabs can be analyzed. Richmond gave examples tf'
of farfield scattering calculations. We have evaluated ;ﬁ{

nearfields for slabs and wedges according to Richmond's
theary [3]. For example, Figure 1 shows the scattered field
near a hollow, right angle wedge with dielectric constant
2.6; thickness was 0.25 inch; wavelength was 1.26 inch. The
wave was incident on the symmetry axis, and polarization was
perpendicular. The brightest regions are intensity maximas
dark regions are minima. The fringes on and near the slab
are produced by interference of guided and free space waves.

SCATTERING BY DIELECTRIC RINGS

To generalize Richmonds’ work we developed a theory for
rings as in Figure 2 [4]. Rings of arbitrary length are
decomposed into rings that have length approximately A/b.
Each ring is decomposed into angular sectors.

To test the theary we measured and calculated total fields
near a ring of 1length 0.42 inch, diameter 1.25 inch, and
dielectric constant 2.6 for 1linearly polarized waves with
wavelength 1.26 inch. For axial incidence at distance A/T
behind the ring, Figure 3 shows the field for the H-plane,
and Figure 4 is for the E-plane. The receiving antenna was ?-,j
a half-wave dipole. Two sets of calculated results are

shown. One assumes the axial component of field Ez is zero; AR
PN




the oather does not make this assumption. For the
calculations N was 64. It can be seen that agreement in the
H-plane is good. The phase discrepancies are a fraction of
a degree except near the peak value where they are about
I0%: intensity discrepancies are small. For the E-plane the
phase discrepancies are small except near the peak, where
they ares about 25%; intensity discrepancies are more than in
the H-plane, but are at most 10%. The theory with Ez +0 is
the more accurate.

Measurements and calculations also were done for the o IASE:
distance behind the ring 0.83A. The discrepancies were ﬁ}jﬁfﬁ
smaller for this larger distance. y§3$§5
L“n"l"' N.T
SO )
SCATTERING BY HOLLOW CONES Py

w—m

The field near a hollow cone was calculated and measured.
The calculations were done by decomposing a cone into rings,
of unequal radii, and then decomposing the rings into

angular sectors. Figure S shows the dimensions. An
experimental model was fabricated of rings with the same
dimensions.

For a wave incident at angle 14.9°9 to the cone axis, Figure
& shows measured and computed fields in the plane z equal
0.6 inch which is the plane of the ring next to the
largest. Agreement is good.

REFERENCES
b,
3 1. J. H. Richmond, "Scattering by Dielectric Cylinders of
3 Arbitrary Cross Section Shape", IEEE Trans., Vol AP-13, pp
: I24-342 (19465).
: 2. J. H. Richmond, "TE Wave Scattering by a Dielectric Ty
,: Cylinder of Arbitrary Cross Section Shape", {EEE Trans., Vol ADAPIRG
3 AP—14, pp 460-464 (1946). Ny
) T
} 3. G. Tricoles, E.L. Rope, and R.A.Hayward, "Wave ;Q;Q?:}
3 Propagation Through Hollow Dielectric Shells", General 5"";43
. Dynamics Electronics Report R-77-092-5, Nov. 1978, Final I
R report for Contract NOOO19-77-C-0303. o {I~{C-§
L Vs \"“N‘
L 4. 6. Tricoles, E.L.Rope, and R.A.Hayward,"Electiromagnetic .syﬁyfi
§ Waves Near Dielectric  Structures", General Dynamics AR
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Electronics Division Report R-83-047, Feb. 1983, Final
Report for Contract N0O0019-81-C-0389.
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Figure 6, Field inside 13 ring cone,

and wave normal,
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The field is in the plane of the
second largest ring, at z equal 0.86 inch of Figure 5.
incident plane wave normal was at 14.99.to the cone axis.
field was horizontally polarized, in the plane of the cone axis
Ring thickness were 0,065, Wavelength, 1.26 inch.
Measured (x). Calculated: E, =12 (o).
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A COMPUTER ANALYSIS OF THE RF PERFORMANCE OF A
GROUND-MOUNRTED, AIR-SUPPORTED RADOME
by

Milton B. Punnett (1) and Edward B. Joy (2)

AD-P004 352

I. INTRODUCTION

A

*

i~ Several reports and actual operating experience have highlighted

.« the degradation of RF Performance which can occur when SSR or IFF

-, antenna are mounted above primary search antennae within metal

x space frame or dielectric space frame radomes. These effects are

ﬁ usually attributed to both the high incidence angles and sensitivity

<, of the low gain antennae to sidelobe changes due to scattered

3 energy. Although it has been widely accepted that thin membrane '

Y radomes would provide superior performance for this application, 5”

?; there has been little supporting documentation. . H;.

:". _N//' K*‘ .

a A plane-wave-spectrum (PWS) computer-based radome analysis was iﬁ»

5 conducted to assess the performance of a specific air-supported bt
2 radome for the SSR application. In conducting the analysis a ot oA
. mathematical model of a modern SSR antenna was combined with a tf- f5ﬁ
i model of an existing Birdair radome design £3)77; The PWS algorithm t}j e
N was used to represent the aperture fields of thé SSR antéiind as™ =~ ~~ 7 e
-, a finite collection of plane waves. Each plane wave is represented RGPS
3 as a finite collection of parallel rays. The number of rays for P

e this analysis exceeded one million. Each ray is traced from its »

kL aperture origin to its intersection point with the three-dimensional

? radome where it is modified in amplitude, phase and polarization

E due to the local radome wall properties. The radome model includes

g both the shaped membrane panels and the individual lap joints in

(] their real life size and distribution. The electrical and physical

properties of the panels and joints are specified independently
using material characteristics based on laboratory measurements
made at several different facilities. Both near field distribu-
tions and far field patterns are calculated. (The near field
distributions are of interest as they show the detailed amplitude
and phase effects of the lap joints.)

3

E (1) CHEMFAB/Birdair Division, Buffalo, New York.

\

) (2) School of Electrical Engineering, Georgia Institute of Technology,

é Atlanta, Georgia.

Lo (3) The work reported in this paper was performed with the cooperation of

B Raytheon-Canada.
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II.

ANALYSIS (input) CONDITIONS

The following conditions and methods were usad in the analysis.

1.
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A planar near field distributifon was synthesized for the SSR
planar array antenna. The aperture of the SSR is 26.5 feet
wide by 5 feet 1 inch high. The aperture face is vertical
and contains the vertical centerline of the radome. The
lower edge of the aperture is 96 inches above the horizontal oo
center of the radome and the top edge is 157 inches above the
horizontal center. The frequency used in the analysis was

1060 MHz. The SSR antenna was modeled as a monopulse antenna
with both a sum mode and an azimuth difference mode. Both

modes were vertically polarized. The sum mode was characterized
as having a gain of 28 db and 3 db beamwidth of 2.4 degrees in
azimuth with main beam tilted upward 7.5 degrees from the
horizontai. First sidelobe level in azimuth plane was approxi-
mately 25 db below the peak of tho main beam. The azimuth
difference mode was characterized by a 41 db null depth and

a 25 db first sidelobe level with respect to the sum mode

main beam peak. The resultant antenna patterns are included in
plots as "without radome" in Figures 2 and 3.
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The SSR antenna gimbal system was synthesized, The antenna is
gimballed in azimuth only and the azimuth rotation center is
located on the vertical centerliine of the radome.

The Birdair radome was characterized as shown in Figure 1. The
radome has a spherical shape with a diameter of 55 feet. The
center is located 19.45 feet above the mounting plane. The
radome is composed of 40 main spherical gore panels of equal
size assembled with 2.50 inch double thickness lap joints.
There is a "step down" lap joint for the crown region occurring
at a diameter of 27.50 feet. The number of panels is reduced
by 50% (i.e. 20 panels) above "'step down". The panel material,
Birdair Specification 2D8H40, is characterized as having a
thickness of 0.040 inches, a dielectric constant of 3.2 and a
loss tangent of 0.01.

B

")

)
\

!
The computer analysis was conducted using the facilities at !
Georgia Institute of Technology. The plane wave spectrum, {
i
|
+

S
.
.

Ry
[

equivalent aperture, transmitting formulation computer algorithm
was used to analyze 19 azimuth rotation positions of the SSR

5 1 L1 - £
antenna, The pesiticns were in 0.5 degree increments from

0 to 9 degrees in azimuth. An azimuth scan angle of 9 degrees
corresponds to the repeatable spacing of the radome paunels.
The analysis was conducted for a single frequency for both the
sum mode and azimuth difference mode.
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ITI. RESULIS

The computer results are presented in a series cf 34 plots and graphs.
Of these, several representative three-dimensional and planar patterns
are included as Figures 2-5. These figures illustrate comparative far
field patterns both with and without the radome. Figures 7, 8 and 9
illustrate the effect upon null depth, boresight error and gain loss as
the antenna sweeps in azimuth., The results repeat every 9 degrees due
to the radome seam distribution. Figure 6 is of interest as it was
used tc verify the mathematical model, and in testing the correctness of
that model. It shows a single component of the spectral analysis. The
position and effect of the radome seams and panel step down is readily
apparent,

Although the plots graphically illustrate the performance, it is obvious
that the comparative effects to be examined are extremely minute. They
would be very difficult to measure in an experimental setup. Imn fact,
some values are so low as to approach or be below the "noise" level of
the mathematical alogrithm. Because of the low levels under reszl life
conditions, more severe inputs (such as a 40 GHz signal) were introduced
during the course of the study to verify that the program was indeed
operating properly.

or o

e
s

T L

A listing of the key factors are tabulated in Table 1. Again, it should
be noted that several of the values approach the noise limits of the
alogrithm and due consideration should be made in the interpretation.

A, 2

IV. CONCLUSIONS

The results verify what heretofore had been presumed; the thin
membrane, air-supported radome has very little effect upon the
performance of the SSR antenna even though it is mounted above the
radome center. In comparison to other type radomes, the results

(such as a cross—polarization ratio below -120 db and 0.02 db change

in sidelobe level) are especially enlightening. It is readily apparent,
from this view point, that the air-supported radome is ideally suited
for such an application.
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SSR DIFFERENCE MODE FAR FIELD PATTERN WITHOUT BIRDAIR RADOME
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Comparison of Spherical Wave Ray Tracing and
Exact Boundary Value Solutions for Spherical Radomes
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.
INTRODUCTION |
Lo

Much radome analysis is based on plane wave ray tracing techniques which
combine conceptual simplicity with reasonable accuracy. As increasing demands
on the performance of airborne antennas necessitate more accurate methods of
analysis for the enclosing radome, an exact idea of the limits of applicability
of the ray-optical approximation becomes more critical. In an effort to contribute
to this subject, we have taken a single layer spherical radome excited by a dipole
source oriented parallel to the z-axis (see-Fig+71) and computed its transmitted
electric and magnetic fields using a spherical wave ray tracing technique L;zfjj?’
and also by solving the electromagnetic boundary value problem exactly ;a:ﬂj.' The

r

"

’
»

-
N exact solution is used as a standard against which the ray tracing approximation
;. can be compared.

k"’v

- In this paper, we compare the field patterns of the two solutions by varying
kj the dipole offset distance, the observation point position, wall thickness,

N dielectric constant, wavelength, and curvature. Parameter values and the compared
. field patterns are examined in terms of the theory, and conclusions are drawn as
i to which parameters affect agreement most strongly.

13

4 ;

i THEORY

b

. 4 R .

R~ A. Electric Fields

“‘i

s The total transmitted electric fieid as derived from the boundary value

,i approach is given by

h_

-
L

1"{’1
8

gf E = Z T A n(n;l) h(l)(k r) P (cosb) £

E' pS] o ° n o n

L«

{

S + El?'S%' rhél)(kor) Pi(cose) ) , (1)

3 o

.

g where T 1is the "exact" transmission coefficient of an ath order spherical

}l wave of transverse magnetic type, hn is the spherical Hankel function of ;‘

g the first kind, Pn and P are Legendre and associated Legendre functions, e P
: r,0,¢ are the usual spherical coordinates, and ; , '§~13$§ﬁ
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= g (2ndl) 5 (k ), (2)

which characterizes the incident field of the source [3,4] as a sum of
spherical waves.

The corresponding ray-optical electric field is given by (see Fig. 1)

= ik (Y b + ¢) e
oF) |1 B e ° , (3) N

1 P i e
T By :

where DF is a spherical divergence factor, T and Ty are the products of
the usual transmission coefficients at each interface, and EL E, = are the

incident fields for both polarizations [1,2]. The transmitted magnetic fields
are of course found by Maxwell's curl equations.

Assuming parallel polarization, the incident ray-optical field has the
form
ik r
= i e ° A
E,~ (r,0,6 = 90°) = ——~— sind 6 4)
I /A
) J

which is then modified by transmission through the dielectric layer and by
the divergence factor which accounts for wave front and radome curvature.

To compare Eq. (3) (with (4) substityted in) with Eq. (1), we take the first

two terms of the §-component of the E field (the r—component is dominated in A—ﬁ?
the far-field in any case), and writing the Hankel functions in exponential pﬁﬁii
form we have ¥3q;fi
AN
FIS 2
ot T4 - Ao
E.=e ° 4 1 —— T,A, sin® ket s
0 kor (k r)2 (k r)3 11
o o
ik r . .
e © |-t a3 L8 0y 308 sing
Y wn? wn?| PP
o o
+ ... . (5)

Thus for k xr >> 1 (i.e, the asymptotic regime), the ray-optical solution is
simply theoflrst order term in l/k r of the exact series expression for the
electric field.
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The TnAn factor controls the rate of convergence of this series and when
T}Al is relatively large (i.e., close to 1) and T2A2 oo TnAn fall off rapidly,
the ray tracing and exact field patterns match very well. This occurs when

(1) the dipole offset distance is small in terms of a wavelength forcing A.n to
decrease with n or when (2) particular combinations of the dielectric constant

;a3\*a

and wall thickness force T to decrease rapidly with n.

n Fv*::".:.‘
e

NRARANA

B. Transmission Coefficients AR
K
The ray tracing model incorporates two different transmission coefficients. :jzj}j}q
The first is the product of the standard Fresnel coefficients at each interface of “‘**:;ﬂ
the spherical shell which is used in refs. 1 and 2. It assumes a single ray path ﬁ??f;?ﬂ
and does not account for multiple reflections. 1Its form is given in ref. 1, gf{CQQﬁ
Eqs. (4a, b). The second coefficient is a flat panel coefficient which inciudes Cf;g?b7
an extra phase shift due to the fact that point 2 (see Fig. 1) is not taken along Kﬂ‘i}g
. . . A AR RN

the normal from point 1 and also accounts for multiple reflections. 1Its form is ¥ n

. -ig 2

(l—ri)ealste °

Te ™ 7 —i2gt » k=L ’ 2
l—rke

where r, are the interface reflection coefficients for each polarization, t is

the shell thickness, % is the extra distance traveled due to noncoincident normals,
30 = 2n/Ao = ko’ and B = Bo /a-sin2 o where ¢ is the incidence angle for each ray.

P
.
«

‘n

T
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CONCLUSIONS

The source offset distance and index of refractiovn (dielectric constant) are
the parameters which most strongly affect a good match between the exact and ray-
optical fields (see Figs. 2 and 3). Surprisingly, decreasing the radome curvature/
increasing the observation point radius does not necessarily cause the exact
solution to approach the ray tracing solution in the limit of large r. For large
dielectric constants or certain combinations of dipole offset distance and wall
thickness, the two solutions never match well regardless of how large the radome
curvature is allowed to become, as shown in Fig. 4.

Comparison of the computed exact solutions with the experimental plots given
in ref. 3 shows excellent agreement at x-band fréquencies (see Fig. 5).

Finally, a comparison of the ray-optical fields using the two different
transmission coefficients is shown in Fig. 6 and simply confirms the fact that
multiple reflections and the exact point of application of the transmission
coefficient along an interface are relatively unimportant erfects in computing
field magnitudes even for extreme values of the controlling parameters.

As a general observatLion, the ray-optical solution provides an envelope which
contains the field pattern of the exact solution but causes fine structure effects
to be lost. We are hopeful that the information gained from the spherical radomec
can be applied to more typical though nonseparable radome shapes.
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Further results will be presented.
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GENERALIZED RADOME BSE CHARACTERIZATION
USING SUPERPOSITION TECHNIQUES

Glenn Plimpton and Michael Cerullo
Raytheon Company, Missile Systems Division
Bedford, Massachusetts 01730

INTRODUCTION AD— P004 3 54

¥ Measurement of radome boresight error response to both polarization and
gimbal angle variations can result in excessively long measurement times if a
large number of incident polarizations are to be tested. Instead, by measuring
the antenna radome system response to two orthogonai polarizations, and by using
electro-magnetic superposition, it is possible to completely characterize the
antenna/radome BSE response as a function of any arbitrary incident polarization.

Agreement between calculated and measured BSE for multiple linear incident
polarization states is excellent. The method can also be applied to obtain
multiple polarization antenna patterns in the presence of a radome.

" This paper will focus oa the details of implementing the generalized radome
BSE characterization in the Bedford Automated Test Facility and will compare
measured and superpositioned data. .-

! ]
A significant cost and time saving results from the use of superposition
methods in radome testing.

e ———— ————— e

ANALYSIS

Polarization Considerations in BSE Measurements and Calculations

Radcme boresight error (BSE) contains the following constituent specifi-
cations,

1) Incident field polarization, Ej = E,X + Ey§

2) Seeker antenna polarization, P = P,X + PY?

and

-
-
-
-

3) Radome complex transfer function, X

e

- i

where 3) has finite cross coupling terms that permit the seeker to respond to
an incident polarization spatially orthogonal to the seeker nominal polariza-—
tion, and in general E,, Ey, Py, Py are complex quantities. For nominal ver-
tically linearly polarized missile systems Ey = Py =1 and E; = Py = 0.

" '; g ,f

S
A

The radome transfer matrix consists of elements X3 which are responses
(in the presence of the radome) in the i-polarized channel for j-polarization
incident on the radome (receive formulation of radome problem assumed). X

~ Aeem 1

ij

NS

N
~J
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for each complex gimbal angle are given analytically by the reaction integral
equation (Reference 1) or can be measured with orthogonally polarized transmit
anteanas (Ey =1, E, =0 and Ey =0, E, =1).

Finally, the response V for arbitrary incident and antenna polarization
is given by,

V =S, + SyPy
where
Sx Ex
=X
Sy Ey

and the monopulse BSE may be derived from the delta over sum voltages, the
monopulse sensitivity (co—-pol), and the polarization dependent antenna null
shift. True BSE would include a polarization dependent monopulse sensitivity
as well.

Test Station Application

From a measurement point of view the radome transfer matrix, X, can be
obtained by measuring antenna responses, in the presence of the radome, for
two orthogonal linear transmit signals. In order to avoid receiver instabil-
iti2s associated with large noise to signal ratios for the cross channel state
(e.y., Ex = 1 and Py = 0 conditions) the orthogonal states chosen are

E, =% 0.707
0
Eyo = 0.707
for a typical
P, =0
Py =1

anteuna. In this instance the radome transfer matrix X becomes,

= 1x 1

i
1

coordinate transform for 45° axis rotation

X' = measured antenna responses in the presence of the radome.
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A secondary potential problem to superposition measurements common to
some (phase meter range * W) automated test equipment is a nearly 27 radians
phase transition experienced in an antenna channel (A pitch, A yaw, or Z) vol-
tage measurement which is computer sampled. If the computer samples voltage
during phase transitions (during gimballing) and computes BSE,

\/A)>
BSE = Real
Sa /5%
where
Sps Sy = monopulse sensitivities

a BSE as shown in Figure (1) could result. The probability of these transitioms
occuring increases when the antenna is receiving out of its nominal polarization
plane., Retesting with ™ radians phase shift will relocate the indeterminant
phase points in gimbal space. It is then possible to piece together the
correctly sampled curve portions to define BSE over the desired gimbal angle
raage (see Figure (2)). This time-consuming retest process has been practically
eliminated using a specially developed "deglitching” computer program.

The new approach operates directly on the antenna port voltages. First,
voltage arguments (phases) are differentiated twice with respect to gimbal
angle, Then, based on 32¢ /6%, voltage points are retained or deleted.
Next, gaps between retained voltage points are filled by fitting a complex
third order polynomial to adjacent point pairs (Lagrange interpolation formulas).
The method can be generalized to any order polynomial should future data indicate
that further refinement is necessary.

«

-

MEASURED DATA

SRR\
[ .“2 x fn_..t
Data Sets SRS
‘\'&3‘ AS z:"
<AL
Global (off-axis, 32 cuts) BSE data were taken on an X—band radome of SISV
fineness ratio 2.50 for two conditions ﬁf?ﬂ#&ﬂ
- ':\: .}\ u‘:.»‘;
1) * 45° plane basis data, i.e., Ex =% 0.707, Ey = 0.707 ! 3&}:{:
and I
2) linear BSE for polarization angles (a) zero to 87° NN

For comparison with data set (2) the data in set (1) were combined or super-—

imposed, using the techniques outlined in section 2.l. The comparison plots

are given in Figure 3. Good agreement exists between the measured and sythe-
sized BSE multiple polarization data sets.

Data Reduction

The multiple polarization equations used to reduce test station data can
be expressed in the following summary form for a y-polarized linear antenna:

V = aVxpo1 + bVeo-pol
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where

s
ML

Vx-pol = X215 @ = Ex

1500

Veo-pol = X225 b =Ey

and the complex coefficients a, b define any linear, circular or elliptic

bW 3

polarization state using standard (Gamma) formulations (Reference 2). ;1{{1&}2
SRR

CONCLUSION R
A general method of calculating multiple polarization BSE data based on e ’Wg

2ol

only two measurements has been developed. Comparison between superimposed
orthogonal measured data and measured linear multiple polarization BSE confirms
the applicability of the wmethod from a radome test and evaluation viewpoint.
The intended use of the characterization technique is to economize testing time
required to characterize the polarization dependence of BSE.
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1 INTRODUCTION

In airborne radomes a considerable effort has been devoted to the
calculation of boresight errors but little attention has been given to
the computation of flashlobes. These are caused by reflections from
the radome wall and generally appear at angles well away from the bore-
sight of the enclosed antenna (Ref:i?f’ In certain circumstances they

can seriously compromise the sidelobe suppression of the overall system.

To date most flashlobe calculations have been performed by using a \
simple ray tracing approach which gives their approximate amplitude and
direction but yields little additional data regarding their shape (Ref.2).

This paper describes an efficient method for flashlobe prediction which

gives more detailed information and can be used in an optimisation of

radome shape and wall build., The technique is based on the subaperture

j method which has already been successfully used to predict other bulk
o S

a radome effects (Ref73)7 {,77

& {

5 Theoretical predictions of the flashlobe level are presented for a

s
-

~

circular horn enclosed by a radome with each at two different nose shapec.

v
T

Measured results are also presented and are shown to be in good agreement.
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2 DISCUSSION OF THEORY

In calculating the angular position and the pattern of the flashlobes in

airborne radomes, the ray tracing technique is attractive because of its
simplicity in the formulation. The antenna aperture can be subdivided into
rectangular subapertures, small enough so that each subaperture illuminates

the radome by its far-field, The flashlobe field due to a subaperture can be
calculated by tracing a ray from a point 0 within the subaperture :o a far-field
point Q through the reflection and the transmissior. points P, and P, respectively.
First, the rays will be geometrically traced from a chosen far-field point Q

via a set of chosen reflection points Pl's on the radome surface S to the hit
points 0S within the subapertures, For a given Q and a set of Pl's on S, all

or some of tue subapertures will be hit, which are considered to be the
contributing subapertures to the field at Q. The resulting total flashlobe

field at Q is the sum of the £ie1ds due to the rays traced back from each O,

to Q via the points P, and P (see Fig.l),

The plane of reflection is formed by ;1 and ﬁl while the plane of transmission

is formed by ;2 and i . The two planes are generally non-parallel, The point
*

-

M r
o n i
N M

P can be found analytically by solving a quadratic equation.

»

e,
Al
,

i

Assuming that the subaperture fields are uniform and equal to the aperture

:

field at 0.. 1.e, B2,
1]

->
15,x and Ezj,y' the field on the incident ray r, can be

written as

E.. = U cos 6, Eo,
13,x 1 "13,x
E.. = Ucos 6, EZ,
13,y 1 "1,y
E.. = -Usin 0, (E2. cos 8, +E2, sin 8,)
1j,2 © 1 *7ij,x 1 1j,y 1
-jk r
ik e o1 . b,
U= exp(-jk_- Ax~jk_-+ Ayda b; sinc(k + » )sinc(k - — )
2mr, X 1 . x) Z v ?
. s -+
where 61 and ¢1 are the spherical angles along s Mx = X %s s dy = g yij’
a and b, are the dimensions of subaperture, k. = k_sinB, cosd,,
1 X3 Q 1 1

_ . . . e (i
kyl = ko s1n61 s1n¢1 and sinec (x)= (sinx)/x.
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The field along the reflected ray can be found by using the principle of
geometrical optics as illustrated in Fig.2. The radome will be considered to
be a planar slab, possibly stratified along ﬁl. The reflection coefficients
for // and L polarisations are used for these two components of the incident
field. The resultant reflected field is then again decomposed into // and .L
components with respect to the plane of transmission (?2, fi) and the transmitted
field at Q, is calculated by using the transmission coefficients for the two
polarizations for a planar slab at P, which is also stratified along fi. The
calculations involve coordinate transformations of the unit vectors and the
coordinates from the antenna coordinates (x, y, z) to the radome coordinates
(x', y', 2') and vice versa. The coordinates of P is found by solving the
problem of intersection of the line P Q by the radome, which is analytically
possible for a quadric surface. The radome is assumed to be rotated about

y = y' axis by an angle o = cos (2, z'). The antenna aperture center O is
reached by moving from 0', the center of radome, by z_ along z' and then by
z, along z, When a large number of refiection points Pl's are chosen, some
subapertures are hit more than once due to adjacent reflection points. Such
multiple hits are rejected in the algorithm by using a suitable criteria. On
the other hand for curved radomes such as an oeive, multiple hits of subaper-
tures for a given point Q are expected because of the focusing effect of the
surface. The true multiple hits are sensed by noticing that they occur due

to sufficiently remote reflection points Pl's

The reflection and transmission coefficients of the slab for the // polarization

can be expressed by

R// = (<:>22 + c<1>21 - 4’11 - <1>12/c)/(<1>22 + c<l>21 + <1>11 + ¢12/c)

Ty=2exp (Gkde) / () +cby +0,, +0,/c)

where c=cosg for reflection and *:cosw for transmission, d is the total
thlckness of the slab and ¢ are the matrix elements of the total transition
matrix ¢ for an n-layer slab. It is known that ¢ = ¢ ¢ where ¢ is the
transition matrix of the nth layer whose elements are given by o 12([/)_JZu51nrn,
o, 21=(G/2)sinr,, 9, 11 (=8 2{/ Y=cosT . Where I‘nz(em-si)l/2 kyd s
1/2 1/2

ay -

Z -(e -5 ) /e m ¥ _(ern s ) , s=sinB (or sin ¥)., For the.l.polarization,
in the above formulae one should replace all ¢..([/) by (-1)1+J¢..(_L) and

Z by Y in the expression of o 159 i#j. The thlckness d and the relative
’

complex permittivity €en of each layer should be specified.
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3 DISCUSSION OF RESULTS

In order to test this theory a solid GRP radome with exchangeable round
and pointed ends was manufactured. The test antenna used was a circular
horn with a diameter of 20 A, and fitted with a phase correction lens.
In all the results presented in this paper the antenna was vertically

polarised and the results measured in the horizontal plane.

The measured radiation pattern of the horn alone is given in Fig.3
together with the pattern predicted using the subaperture method (R2f.3).
In this -omputation it was assumed that the horn was radiating in the
TE11 mode and that a residual 110° quadratic phase error across the

aperture remained uncorrected,

In Fig.4 the measured far field pattern of the horn with pointed radome
together with the theoretically predicted flashlobe is illustrated. It
is evident that the theory predicts both the angle and shape of the

flashlot: accurately. In Fig.5 the theoretical and experimental results

Lt sl ante 4

for the radome/horn configuration with a round nose are presented. The

theory predicts a reduction of the peak flashlobe level and this is con- b
firmed experimentally. ﬁf
RIS,
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NEAR-FIELD EFFECTS ON RADOME BORESIGHY ERRORS

G K. Huddleston
School of Electrical Engineering
Georgia Institute of Technology

Atlanta, Georgia 30332 AD-P004 356

Introduction

“ A computer—aided simulation of a boresight error measurement procedure
and facility was carried out to quantify the effects of separation distance
and wave reflections from anechoic chamber boundaries on radome—induced

boresight errors using two BSE algorithms.
{

The 3-D radome analysis program described earlier [1]” was modified to

include near-field and reflection effects as—illustrated in Rigure--l1. " Waves

4
3 -

emanate from the source antenna in the directions indicated by the rays (one

- ——ey

arrowhead). These direct rays impinge on the radome as shown. Note that the

ASiA

angles of incidence on the radome wall for these rays are different than those

(]
voee

e et

of a true plane wave (horizontal rays). SNy

Some of the rays emanating from the source antenna strike the walls,

Samigetye’,

‘
LA

floor, and ceiling of the chamber and are reflected ontc the radome. These el j:'-‘.-.

ak.

reflections can be conveniently included using image sources, one for each
boundary of the chamber (4 total). Each image is mirrored into the associated
boundary and is given strength E' with respect to the actual source strength

Eo according to

l";c

a ®

' (-R,../20.)
E_.—.m daB (1)

- ’}J',:""u" Ny

where Rjp is the reflectivity of the chamber wall in decibels. The reflecti-

vity is assumed to be independent of incidence angle.
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FIGURE 1. GEOMETRY OF BORESIGHT ERROR =
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- A
- BSE Algorithas A
- - . g h?‘
." 1-“«‘:‘--".:-"‘J
- Three BSE measurement procedures or algorithms were simulated: null NNy }J
-~ -:_-:_-"‘-.:
seeker, 1-point method, and 2-point method. 1In the null seeker method, the = ;'
oo

. . . } P

computation is done such that the source is moved around until nulls are B

IR ]

SN

. - . . . A

obtained in each A/€ signal channel of the monopulse antenna. The direction :c;;;r

(3
to the source when it is in the null position is defined as the boresight = Y

PR
’-. = ‘-;._':_ ¢l
error. o

T,. - -

Figure 2 shows tracking functions computed for the radome/antenna gy
’!. =

combination under test, where the tracking functions in elevation and azimuth ®

f
s
1
k
‘.j) .

are defined by

)
[

M
LY ]

YV L

%

o T e R
.

fEL 4 Im {—-} (2a) b , “;‘f::;‘
-
e::; A i
; fay = 10 17} (2D) :

Four computed tracking functions are shown in Pigure 2 as indicated on each

graph. The tracking functions are graphed versus the angle 9 from boresight

in a diagonal plane defined by xp = yp in antenna coordinates. Without the
radome, fp; and fp, are almost identical so that only one solid graph is shown
for both functions. When the radome is placed over the antenna and aligned
with the true antenna boresight (Pitch = 0°, Yaw = 0°), the tracking functions
are slightly different as indicated by the Az (0°,0°) and EL(0°,0°) graphs.
Note also that the slopes of these functions (monopulse error slope MES) are
different but are approximately equal to the MES of the antenna without the
radome. Finally, the offset dash graph EL(6°,0°) of Figure 2 shows the
elevation tracking function when the radome is pitched up by 6°; fpz is essen-

tially the same as for the (0°,0°) case.
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The BSE algorithms can be explained using the EL(6°,0°) graph of Figure
2. The null seeker algorithm finds the zero-crossing of the tracking func-
tions fgp and fpy: fg, = 0 at -11.5 mrad; fag = 0 at 0 mrad in Figure 2. The
2-point method uses the values of each tracking function computed at only two
points at 220 mrad to generate a linear estimate of each tracking function,
and, hence, an estimate of where the zero crossings occur.

The 1-point method uses the single value of each tracking function as
measured when the target is located on the true boresight of the antenna.
This single value (Point B in Figure 2), combined with the MES, yields the

following linear tracking model

for, = MESgy, O * By, (3)
where the ordinate intercept Bgy, is given in terms of the measured tracking

function at the known angle 6 = 0 mrad by

BEL = fEL(@ Boresight) (4)

The zero-crossing, or BSEEL' is then obtained by setting Eqn. (3) equal to
zero and solving for eEL’ i.e.,

fEL(@ Boresight)

6 = = BSE (5)
EL MES EL

A similar treatment holds for the azimuth tracking function.
In the 1-point method, the monopulse error slope that should correctly be
used is the slope of the tracking function for that particular radome

orientation. 1In practice, the true slope is not used; instead, the MES of the

AL 3

e S
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antenna without the radome is used in Eqn. (5). The significance of this
source of error is investigated in the following presentation of the BSE

measurement simulation.

Simulation Results

Three medium-size antenna radome combinations having the parameters shown

o

Ll ot

in Table 1 were used in the simulation. Radome 1 is the tangent ogive alumina e ok

o

Rt S

radome described earlier by Siwiak, et al. [2] for which measured BSE data are .{-.;;,-,:.-7
available and indicated on the following figures for reference. The radome ""‘“.

o]

g parameters include dielectric constant €, radome base diameter D, radome e d
o - y
:‘f-; length L,., aperture offset R, from gimbal point, distance Ry along radome f:;'\::'_::.::f
b ', [
X . . . . Rt
- axis of symmetry from base of radome to antenna gimbal point, distance Ly = Paniaicid
L’.- . @ :
T R ) (ORI
- Los = (Ry + Rp) of aperture to radome tip, antenna diameter D, and uniform r .

Y
i. « 4!
- ll ’l' .

4
g e

radome wall thickness dyall® All three radomes have the tangent ogive

L i3
-

-

shape. Radomes 1 and 2 are alumina radomes and differ only in fineness

[:;x ratio. Radome 3 is a fused silica radome and differs primarily in placement

\':

o of the antenna and wall thickness.

h, »

o . .

bi The effects of distance (no reflections) on predicted boresight errors in

2 the pitch plane for the null seeker and 1-point algorithms are shown in Figure

?‘/

3 for Radome 1. The radome shape and sum channel antenna patterns are

!,‘:

*i indicated at the top of the figure: the lower half of the pattern is for the

E‘:‘

" elevation plane of the vertically polarized antenna; the upper half is for the

"'.

~. azimuth plane. In Figure 3{s}, curves 2~3 and 4~5 show that the null seeker

"‘. and 1-point algorithms yield identical results at both

iy 2

“\if large (16L1 /A) distance of separation and small (4D2/>\) separation when no

i

E\. reflections from chamber boundaries are considered. This agreement between

V-

“i the algorithms was found to hold very closely for other conditions; hence,
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Table 1. Radome Parameters Used in Boresight Error Measurement Stimulation

oS

Radome Dos
ID €r A
1 9.30 6,81
2 9.30 6.81
3 3.33 6.78

Chamber Dimensions

14.87
20. 44
20.34

(Figure 1):

d1 = 25,812 d3 =
d2 = 50,30 d4 =
x,‘: -“:‘\.- N e r-:_\“_m;:_.
r-'.'-';, X J'(' ".':""-‘:!
-‘_}_ \{wnn.h_\'{ 01 \a_xdl;\ 4'»

26.13A
49.43)
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5.16
5.51
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Figure 3. Effects of Distance on Predicted Boresight Errors in Pitch
Plane for Radome 1 Using Null Seeker and 1-Point Algorithms.
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only the 1-point results are presented in subsequent data.
2 .
The distance of separation R = 16L1 /A was chosen to simulate R = =,
2 A .
The distance R = 4D /A corresponds to the generally accepted minimum distance

recommended for measuring antenna patterns, where D is the antenna aperture

diameter. The effects of these and other distances on the 1-point BSE
predictions are shown in Figure 3(b). ¥From curves 2-3, it is seen that a
maximum error in BSE of approximately 0.5 mrad occurs when R = 4L12/A, or a
10% error., If the distance is reduced to 4D2/A, curve 5 indicates a maximum
error of 1.5 mrad, or 30%, Similar results are obtained in the yaw plane as
shown in Figure 4(a).

The measured data for Radome 1 as reported earlier by Siwiak are also
shown in Figures 3 and 4 for reference. The simulation results agree with the
general trends of the measured data, but good agreement cannot be claimed.
Efforts are underway to correct the deficiencies in the radome analysis method
used: (1) an algorithm for computing transmission coefficients for curved
radome walls is being developed; (2) the reaction of first-order scattered
fields is being included.

The predicted effects of chamber reflections on the 1-point BSE algorithm
for Radome 1 are shown in Figure 4(b) for separation distance 4D2/A. It is
seen that reflectivities less than -30dB result in BSE errors of less than 0.5
mrad with respect to the no-reflections case at the same distance.

The effect of separation distance on BSE is more pronounced for a more
streamlined radome as shown by the data in Figure 5(a) fcr Radomes 1 and 2.
Radome 1 has a finesness ratio of L/D = 2,18, Radome 2 has a fineness ratio
of L/D = 3,00 as indicated in the legend. Predicted gain data are also

presented in Figure 5.
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for Radome 1 Using 1-Point Algorithm.
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The effects of separation distance can be more pronounced if the radome

l'
I"
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parameters are modified slightly as shown in Figure 6 for Radome 3. This

Y r
N
LI |

radome also has a fineness ratio of L/D = 3, but differs from Radome 2 in the

l"l
5

placement of the antenna and in the dielectric constant of the radome wall.

Pt
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2 . .
Data for R = 2D /A are also shown and indicate the large error produced in BSE <

")
e, ¥

-

by this small separation distance; 2D2/A is sometimes advocated as the
absolutely minimum distance at which far-field antenna patterns can be
measured with good results.

The effects of severe chamber reflections on BSE in pitch and yaw planes
for the null seeker and 1-point algorithms are shown in Figure 7. The null

seeker algorithm is more sensitive to ieflections than is the 1-point

algorithm.

Conclusions and Recommendations

It is concluded that the 1-point and null seeker BSE algorithms for

computing radome-induced boresight errors yield essentially identical results
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4
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regardless of separation distance R between the target and radome under test
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-~ when reflections from chamber boundaries are less than -30dB. Effects of R

Al
- e

(] on BSE are more pronounced for higher fineness ratios. The null seeker ’
>, ’:.\;-_‘ ;- n{“:
: . . s . . ALY
. algorithm is more sensitive to severe reflections than the 1-point fdﬁ“ h
y SaSNR
A . . PR . o )
N algorithm. The predicted sensitivities of BSE computation to the measurement }ﬂk$§$3
a N OE: )'3.‘%.3
ARSI
4 environment makes one wonder how BSE measurement accuracies of +0.1 [
¥ milliradian can be achieved in practice. t}ia\a\i
v N
~ It is recommended that BSE measurements be made using the 1-point t:t}}m}%
- 2 [l ! 4‘] “.i
q algorithm at a separation distance R>4L1 /A, The reflectivity of chamber ) o ;
BT
boundaries should be less than -30dB. When measured BSE data are used to Qg@? ﬁ
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for Radome 3 Using 1-Point Algorithm.
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g This paper reports on the work undertaken to include single order

reflections into the equivalent-aperture, plane-wave-spectrum (PHS)
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radome analysis technique. The method used to add reflected plane
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wave rays to the equivalent aperture field is presented along with
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"

.- the key ray tracing equations for the reflected rays.
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High fineness ratio radome shapes are shown to produce image lobes

winAy

! due to first order reflections. This image lTobe can be distinct from
t the main beam or merge with the main beam to cause main beam distortion,

) high side-lobe levels and boresight error. Results are presented for

—
.

7

a conical radome with 2.5 fineness ratio, dielectric constant of 5.5
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and loss tangent of 0.00033 for two antenna types.
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A Fast Ray Tracing Algorithm for Arbitrary

Honotonically-Concave Three-Dimensional Radome Shapes*

by
Edward B. Joy David E. Ball ity
) ) . ST
School of Electrical Engineering Harris Corporation/GASE RRGCALY
Georgia Institute of Technology Melbourne, Flordia 32902 E?ﬂ?}f
Atlanta, Georgia 30332-0250 G
Abstract =

This paper vreports on research conducted to increase the speed of ray ol
intersection calculation with three-dimensional radome shapes. The radome
inner or outer surface is specified as cylindrical radius values for a number

LA
i

’

(N_) of equally spaced cylindrical theta values for a number (N_) of constant L 3
st3tion (axiz1 position) values. This method of radome shape sﬁecification PR
is typical of radome shape data available to the radome analyst. I

The technique developed is an interative algorithm that locally approximates %;ikﬁ'j
the radome surface as a cone, tangent to the radome surface. The fineness ratio ol

and the location of the cone axis are iteratively varied such that the inter-
section point of the ray and the cone equals the intersection point of the
ray and the radome surface.

.

An estimate is made of the z (longitudinal) value and ®© value of the Fo
intersection point of the ray and the radome. A cone, tangent to the radome o Y
surface, is fitted to the radome surface at the estimated intersection point. OIS
The ray is traced to the cone using a fast closed-form solution. The NP S
cylindrical r value of the cone intersection point at the coordinate (z,8) is o i

compared to the r value of the radome surface at the same (z,6) values. Based
on this difference, a new cone is fitted to the radome surface and the process
is repeated to convergence. Convergence is always possible for monotonically
concave radome shapes. Typically 5 to 7 iterations are required for a one
percent resultant error in radius.
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Results are presented for several highly asymmetric radome shapes.
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DUAL BAND RADOME WALL DESIGN

Bernard J. Crowe

Flight Systems, Inc.
1901 Dove Street
Newport Beach, CA 92660

AD-P004 357

INTRODUCTION
77 > Radomes for currently-deployed air
launched tactical missiles are typically
designed to operate at a single frequency or
narrow range of frequencies, and occasion-
ally over a wider band of contiguous freq-
uencies spanning an octave or slightly more,
Requirements to operate against an extended
threat suite, and/or to negate probable
countermeasures tactics, indicate a need for
future systems to encompass a multi-mode
capability. Such systems will combine oper=-
ations in two or more discrete segments of
the electromagnetic spectrum in an inte-
grated seeker unit. Possible mechanizations
include combinations of RF/IR, IR/UV, pas-
sive RF/active RF, and microwave/millimeter
wave bands. Multimode systems such as these
will naturally require a matching capability
from the radome. v -~-
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A high-speed, streamlined radome pre-
sents a difficult enough design problem even
for single-freguency applications; when it
is required to provide clean transmission in
two discrete bands, the difficulty is
greatly increased. The conflict between the
requirements of low aerodynamic drag, ade-

solutions than usual will be possible, and
optimum designs will be more difficult to
determine., Even if the radome design task
is initiated early, in parallel with the
seeker design, a significant tradeoff study
will be necessary to identify the best mate~
rials combinations and wall configuration
for the intended application.

The groundwork for this effort can be
accomplished in a timely manner, through a
preliminary evaluation of suitable materials

atched to projected electrical require-
mentsT~ Computer analysis can permit the
identification of promising wall configura-
tions, exhibiting desirable electrical prop-
erties in physically realizable thickness
combinations. This paper describes two
dual-band walls designed in this manner. 2

SPECIFIC DESIGNS

T/

As the number of layers in the radome
wall is increased, the magnitude of the
design task grows considerably, and some
means of computer~assisted design becomes
necessary. Even for walls of only two or
three layers, the examination of possible
combinations of material types and thick-

quate structural integrity, and good elec- nesses is greatly facilitated by automated
trical performance is brought even more codes to characterize the transmission of
o sharply into focus, and the design tradeoffs the candidate wall configuration as a func-~
i, and resulting compromise configuration must tion of thickness, frequency, incidence
" be approached with extreme care, angle, and polarization. The plotted data
Q in the following figures was generated by
X\, The first essential step in the process one such code, Flight Systems, Inc., WALLTX
L is necessarily the selection of a material flat plate analysis simulation, which hzs
' or combination of materials, and appropriate been used to develop conceptual radome wall
- thicknesses for each of them, which will designs for a number of applications.
) result in adequate transmission of electro- Included among these are walls designed to
< magnetic energy at the desired frequencies support discrete dual-band operation,
e over the anticipated range of incidence Examples of two such designs are described
- angles. This is not the most difficult in the following paragraphs.
Fn design task; the design of the radome shape
5 and tailoring the wall thickness profile is Alumina Dual Band Radome Wall Design
k- expected to be more critical, as is the
L integration of a dual-mode seeker in a co- Figure 1 is a cross section through a
ke aperture or co~axial configuration. Never- ceramic three-layer wall designed for a
N theless, the design cannot proceed without generic X-band/Ku-band application., The
- the prior selection of a suitable radome materials represented in this design are
K. wall configuration. alumina (the skins), and a proprietary
b ceramic foam material, Cerez, manufactured
ks Because of the increased complexity of by Omohundro Company. This wall configura-
{; these walls, a far greater range of feasible tion was one of nine developed under U.S.
X
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Navy contract number NO0123-79-C-1043 in

1981. The selected materials were at that 9.
time under evaluation at the Naval Weapons NS AN
k3 NL - L

Center, China Lake. " ¢t¢ d
AR iyyt

Several physical configurations of the )}",—ﬁ'}-’;r}
symmetric three-layer wall were examined P

using the WALLTX analysis and design simula-
tion, which allows the thickness of one or
more layers to be varied at a given fre-
quency to determine the optimum thickness. .
Fixing first one layer, then the other(s), SECTION THROUGH RADOME WALL \lﬁfi}f
and observing the transmission at the two N,
frequencies of interest, the program may be RS
used in an iterative fashion to arrive at a LAYER |MATERIAL | DIELECTRIC LOSS THICKNESS .":.1 C
desired configuration such as that shown in NO TYPE CONST TANGENT | (MILS) '

Figure 1. A Alumina 950 00002 575

This wall is a rather unusual combina- B Cerez 2.41 00024 1000
tion of thick skins on a thin core, and the
resulting 57.5/100/57.5 configuration has a ¢ Alumina 950 00002 575
well-defined resonance at 10 GHz, plus two
useful passbands at about 30 and 36 GHz
(Figure 2). The phase grouping is unusually
tight at the 10 GHz resonance, and on the .
basis of detailed analysis in the 5-15 GHz Figure 1. Alumina/Cerez Dual Band Radome
regime, would appear to offer the potential Wall Configuration
of performance at least equal to, if not in
excess of, a L0 ¢h..~tuned half-wave wall.

The transmission summary in Figure 2 shows

the transmission coefficient for both

parallel and perpendicuiar polarization at a both 10 GHz and 36 GHz out to 80 degrees
single incidence angle in each plot. The incidence angle., Although the high passband
broken line curve 1s the zero~incidence frequency is a little higher than the
transmission coefficient, for reference. ceeired 35 GHz value, the resonance could be
The curves show that the wall maintains adjusted to this value through small changes
transmission better than 75 to 80 percent at in wall thickness.
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4 Silicon Nitride Dual Band Radome Wall Design
%) The "transportability" of this design
W) was shown in a subsequent analysis task in
W which the radome wall was redesigned for a
) specific application using silicon nitride

. (Figure 3), a material with good thermal

shock resistance and a low susceptibility to
a rain damage. Various forms of this material
( have been considered for high speed missile

N radome applications by both the Air Force

. and the Navy. By controlling the density of
- the material during manufacture, the dielec-
- tric constant of silicon nitride may be

o tailored to a specific requirement. The
,ﬂ design illustrated in Figure 3 uses a moder-
b~ ate-to-high density reaction bonded formula-

tion (with good rain erosion resistance) for
the skins (Ref. 1), and an extremely low

) density core made by baking out inclusions

: introduced during the initial manufacture to
;j produce a silicon nitride foam (Ref. 2) of
A low dielectric constant.
WAl
& The resulting 69/90/69 wall configura-

& tion has thicker skins but a slightly thin-

ner core than the alumina version, and the

(~ overall thickness of 0.228 inches is compar-

=, able with a conventional single-mode X-band
| wall. The electrical performance of this

e wall is very similar to that of the Alumina/
- Cerez wall, as Figure 4 shows. The wall

-, exhibits peak transmission windows at 10.5,
b < 30, and 36 GHz as before, and though the

~ resonance peaks are not gquite so strong at
the high incidence angles, they are adequate

SECTION THROUGH RADOME WALL

LAYER MATERIAL OENSIT DIELECTRIC LOSS THICKNESS

NO TYPE (GM/CMY) CONSY TANGENT UINS)

A Reaction Bonded 3025 760 0003 069
Sitcon Nitride

B Silcon Nande 069 193 0003 000

Foam

c Rescton-Bonded 3025 760 0003 069

Sihicon Nitride

Silicon Nitride Dual Band Radome

Figure 3. A
Wall Configuration

500 MHz, as shown in the two following
figures.

Figure 5 details the electrical per-
formance of the wall over the frequency
range 9.5 to 10.5 GHz. The upper left plot
shows the phase difference for incidence
angles up to 85 degrees; the other three
plots are similar to those in Figure 2 and
depict parallel and perpendicular
transmission coefficients at 60, 70, and
80 degrees incidence respectively. These

‘ for low-loss transmission over bandwidths of latter plots show that the transmission of
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the wall is excellent up to 70+ degrees
incidence across the 9.75 to 10.25 GHz band,
and is maintained well even at 80 degrees.
The phase difference values over this
frequency range lie within a band of values
from -10 to +30 degrees, performance
consistent with the attainment of low
boresight errors and error slopes.

At 35 GHz the performance, though not quite
as good as at 10 GHz, is still quite impres-
sive (Figure 6).  Transmission is maintained
well to 70 degrees incidence, but is
beginning to degrade badly at 80. The phase
difference also holds up well out to

35.6 GHz for incidence angles of 70 degrees
or lower. A full-aperture seeker at this
frequency would be expected to suffer about
1 8B of loss (one way), and to introduce
moderate guidance errors in a proportionally
guided missile. 1If the high freguency aper-
ture could be reduced, however, the range of
incidence angles experienced would be
limited and an overall performance might be
attained suitable for high gquality end-game
guidance., With further refinement the
design would be expected to yield improve-
ment in both bands. It exhibits a useful
characteristic at frequencies other than the
design passbands; it transmits very little
energy at these other frequencies (Figure
4), and would therefore make a contribution
to a system designed for low-observable
operation. The design in general certainly
merits further investigation.

CONCLUSIONS

The two radome wall designs presented in
this paper were derived inexpensively using
computer-aided analysis techniques.

Useful performance potential is predicted in
configurations employing a variety o. mate-
rials, and novel wall configurations were
developed which may find application in
multi-band seeker applications as well as
systems benefiting from stealthy operation.

The author believes that the computer-
aided design technique for conceptualizing
and screening wall configurations in this
way can make a significant and useful con-
tribution to the radome design process by
identifying workable configurations in
advance of system-specific requirements,
thereby reducing the lead time required for
design solutions and assisting the weapons
system procurement process.
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STUDY OF LAMINATED DIELECTRIC BEHAVIOR
AT MICROWAVE AND MILLIMETER-WAVE FREQUENCIES

D. J. White and C. N. Helmick Jr.

Physics Division, Research Department (Code 3814)
Michelson Laboratory
. Naval Weapons Center, China Lake, CA 93555

INTRODUCTION AD"'P004 358

~% Dielectrics composed of layers of different dielectric constant have radome
applications. A laminated or layered structure can be used to improve mechanical
and thermal properties, while a certain amount of dielectric-constant tailoring
can be done by varying the layer permittivities and their relative thicknesses.

)

 Such a multilayer system (sometimes called an artificial dielectric) is basically
uniaxially anisotropic with the optic axis perpendicular to the planes of lamination,
although this anisotropy may not be large, depending on the layer permittivities
and thicknesses. In any case, the equivalent static dielectric constants for a
laminated structure are readily calculated, provided the layer comstants and thick-
nesses are known, by use of a model involving parallel and series capacitances.

Modeling laminated structures as a single uniaxial dielectric sheet works well,
even at large angles of incidence, provided the wave frequency is low enough that
the individual layer thicknesses are small with respect to the wavelength in each
material. For millimeter waves this condition may no longer be met, and very large
differences in complex transmission coefficient may be found between the actual
multilayer panel and its single-layer "equivalent" model. A multilayer radome wall
may even appear much like a dielectric mirror in certain wavelength regions.

In this paper we explore the range of validity of the artificial-dielectric model
by comparing its computed results with those obtained from an N-layer flat-panel
computer program for a number of specific multilayer dielectric structures.f

THEORY /

Consider a flat wall consisting of alternating layers having different dielectric
constants and uniform thicknesses. By modeling the structure as N (=N1 + Ng)
series capacitors for the electric field perpendicular to the plane of the layers
and as N parallel capaciiors for the electric field parallel to the plane, the uni-
axial dielectric constants (relative permittivities) in the long-wavelength limit can
be found:

€, = (Nld;lts1 + N2cl2 ez) /d , (1la)

€
Z

elezd /(Nldlt;2 + de2 sl) , (1b)
where N, d; and €; are the number of layers, layer thickness, and dielectric
constant of material species i (i = 1,2 for a two-component repetitive system).
€y is the dielectric constant in the plane parallel to the surface, and €, is the di-
electric constant along the surface normal (opt.c axis). The total thickness d is
Nidy + Ngdg. The volume fraction of species i is Njd; /d. The permittivities
may be complex. By "long-wavelength limit" is meant the assumption that d;ve;
<< Xo (vacuum wavelength) for each i.




L1y

"

These equations can easily be extended to more complicated situations, e.g.
where more dielectric species are involved or the layer thicknesses are non-repeti-
tive, ete. The next step in complexity would be a three-component repetitive
structure, as might arise when a glue layer is introduced to bond two of the dielec-
tric materials together. The equivalent uniaxial dielectric constants for this case

’
', 4 A\

A
L
LR

are:
ax=(Nld1€1+N202£2+N3d3z—:3) /d , (22)
€,= €5 £3d / (N1d1£283 + 1\1‘2d2 € €q + N3d3i-:152) . (2b)

Such equations are commonly written in terms of the volume fractions N;d; /d,
which may represent the extent of the data actually available in practice, or

even in terms of mass fractions. fﬂx
We next proceed to the complex boundary reflection coefficients for the uniaxial ,:,n”
anisotropic dielectric layer, which were derived previously.! Following estabilished 1 o o
opticai conventiun, we here denote the two basic polarizations of the incident plane . ®
wave as s and p, where s (German senkrecht = perpendicular) means the E-vector 1"'{““*1
is perpendicular to t..e plane of incidence (i.e., E is parallel to the surface plane) . ::“ﬂ
and p (parallel) means B is parallel to the plane of incidence (i.e., H is parallel to ) :~_~_-j-:|~§“
the surface plane). The boundary rcflection ccofficients can be written: !-}l_*}?’:}
'.v";, Iy ","":
rg = (cos® -k /k))/(cosb + Kk [k , (3a) 0
v AW :\
AN
= - ERUNN
Iy (kp /ko axcose) /(kp /kO + £xcos6) , (3b) \t‘)}“*:
Fu g
EAC R
where 6 is the angle of incidence, and the two wave numbers in the dielectric (kg e ]
and kp) are given by v ; A
1 NSNS
= - sin?6]* el
kS/k0 [&:X sin?0] , (4a) ,{{{'Z: .
_ Cimzay? T
kp/ko [(exlez) (€, - sin?0)] , (4b) »x4
AN
and the vacuum wave number is
i%:x.“
o k, = 21r/AO = 2nf/e (4c)
K3
:}.:j The overall single-layer complex transmission coefficients are then
Uk
.9, =(1 - p2? - - p2 - =
X TX = (1 rx) exp( ]kxd) /{1 rxexp( ]kad)] , X=8,p . (5)
» Note that £, appears only in the case of p polarization; only (the weighted
[~ mean value of the g;) is used for s polarization. Thus a further simplification of
M the one-layer representation of a laminate is to consider it to be isotropic with € =
E_! £y . This leads to no change in the case of s polarization; and it will turn out to be

seen later that in many cases (where €, is not much different from €,), the
isotropic model departs only mildly from the uniaxial model for many frequencies
and angles of incidence.
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are fairly common, and such a program can be used instead of (or compared with)
the "equivalent" single dielectric sheet model. The N-layer computation is exact
within the usual limits of plane waves and semi-infinite sheets. However, in the
real world, one may be given a laminated material to characterize, and it is not
always practical to disassemble the composite structure to determine precise sheet
thicknesses or composition empirically, nor are such details often supplied a priori.
One may have to settle for taking a laminated Jdielectric sample, placing it in a micro-
wave test setup, and determining the effective dielectric constants €, and €, at one
or a few frequencies, or at best over a comparatively limited frequency range. The
question then becomes one of how valid are such measured "average" dielectric con-
stants—the issue that this paper is attempting to address.

The approximation involved in equations (1) and (2) clearly involves making
each layer "thin" with respect to a wavelength in the layer. As the frequency of
operation is increased, this thinness criterion is increasingly violated. At 100 GHz
a .010-inch thick layer of dielectric constant six is just over one-fifth wavelength
thick; and while the concept of "thin with respect to. . ." is not well defined, it
seems likely that this situation does not meet this stipulation.

APPROACH

We have developed computer programs in house for calculating the flat-panel
transmission and reflection coefficients of single or multiple dielectric layers, iso-
tropic or uniaxially anisotropic. These programs have been employed to compute
the complete transmission coefficients for representative laminates, comparing them
with the coefficients obtained for the corresponding single-layer artificial-dielectric
models, considering both the uniaxial model (given by equations (1) or (2) or gen-
eralizations thereof) and the further simplified isotropic model (using € = €4). Em-
phasis has been on examining the magnitude of the complex transmission coefficient,
|T|, though other quantities may also be obtained, such as transmission phase, in-
sertion phase delay, and reflection magnitude and phase (both forward and reverse
directions). Total wall thicknesses have been in the neighborhood of t cm, typical
of many radomes, Parameters studied were: frequency (typically 1 to 100 GHz or
subdomains thereof), angle of incidence, polarization, dielectric constants, relative
thicknesses, and the number and ordering of constituent layers.

RESULTS

Space limitations permit inclusion only of a few of the many plots produced in
exploring the effects of varying the above-listed parameters. These figures have
been selected to illustrate some of the trends observed in the study. Figures 1-6
are all for two-component laminates having a total thickness of 1 cm, with transmis-
sion magnitude displayed over 1-100 GHz. (Current frequency resolution is limited
to 100 points across the frequency span, meaning 1-GHz increments in these plots,
so truncation of sharp peaks and dips is evident in some cases). The dielectric con-
stant of the first dielectric species was set equal to 2 in all illustrated cases, with
the second dielectric constant set equal to 4 in all but Figure 4, where it was set
equal to 7 to illustrate the effect of a greater difference in dielectric constants.

For clarity, loss tangents were set equal to zero throughout, though finite losses

could easily have been included if desired. Thickness ratios of the two components,
dy:dg , were set at 1:1 in Figures 1-4 und 3:1 in Figure 5 (to illustrate the effect of
unequal, but repetitive, thicknesses). In Figure 6 the thicknesses were varied in an
arbitrary, nonrepeating manner (though the dielectric constants alternated regularly)
to illustrate the effect of nonrepetitive thicknesses. Figures 1-5 each show three
curves: (a) l6-layer laminate [broken line], (b) analagous 6-layer laminate (same




€; and dj:dg [heavy dotted line], and (e) corresponding uniaxial single-layer model
[light solid Iine], with dielectric constants obtained from equation (1). In Figure 6,
the nonrepetitive case, there is no unique 6-layer analog, so only the 16-layer lami-
nate and single-layer model [obtained through a generalization of equation (1)] are
displayed. Figures 1-3 illustrate the same structure for three different chcices of
incidence angle and polarization (0°, 45°:s, 45°:p), while Figures 4-6 illustrate
three additional structures all at the same incidence angle and polarization (45°:s).

DISCUSSION

Several trends are evident from the plots generated, not all of which are illus-
trated by the figures reproduced here:

1. For a given overall wall thickness, the larger the number of layers (i.e., the
thinner they are), the greater is the range of validity of the one-layer model. In-
clusion of uniaxial anisotropy in the artificial-dielectric model, as in equations (1) and
(2), extends the frequency range of the model's validity, especially for parallel (p)
polarization and high angles of incidence. Even so, the model begins to break down
when any of the Jayer thicknesses approach A/10 in the respective material.

2. One or more frequency bands may occur in the 20-100 GHz region where the
laminate exhibits very high reflectivity (much like a dielectric mirror), a behavior
not at all predicted by the single-layer artificial-dielectric model. For a small number
of layers (e.g., 6) the transmission dips are less pronounced but more numerous; for
a large number of layers (e.g., 16) the transmission dips (reflection peaks) are less
numerous in a given Irequency interval but more intense. As one increases the angle
of incidence from 0° for a given laminate, the reflection peaks become more intense
for the s polarization; for the p polarization they become less intense, but do not
disappear even as Brewster's angle for the single-layer model is approached.

3. Reflection peaks are enhanced by (a) increasing the total number of layers,
(b) increasing the difference between the two dielectric constants, and/or (¢) vary-
ing the thickness ratio dj:dg away from 1:1 (i.e., making one component significantly
thicker than the other). The transmission dips do not disappear when the thick-
nesses are varied in nonrepetitive fashion, as in Figure 6, but the spectrum can in
such cases become more irregular.

CONCLUSION

Given the construction details of a multilayer laminate, one can accurately and
unambiguously compute the complex transmission and reflection coefficients. Coing
in the other direction, however, is not so clear-cut. Given experimental dielectric
measurements on a composite material for which the details are lacking or incomplete,
one finds the artificial-dielectric model is insufficient to characterize the material
completely and unambiguously at high frequencies. In typical cases (wall thickness
around 0.4 inch), "anomalous" behavior (mild or strong reflection bands) may occur
as low as 20 GHz.
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FIGURE 6. Two-component le,mu‘ate with overall thlckness Tcm and non-
repetitive layer thicknesses; €y=2, €;=4 (alternating). Heavy broken
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4,5,3,6,2,7,1,4,5,3,4,6,2,4,3,5. Light solid line is corresponding
uniaxial single-layer model (€, =3.250, €,= 2.909).
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IMAGE LOBE ANALYSIS FOR LARGE RADOMES
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’\Image lobe intensities regulting from radomes enclosing large

raay
-

antennas (D 2, 159() were evaluated using ray tracing and aperture

L4

integration of the reflected field. It is shown, that random

A
x

& phase approximation can be used when the greatest radius of
é curvature is less than ;D2/8).« {QL,_,ww,..mw.
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6 Image lobe (IL) intensity 1is probably the most critical design parameter

E in large, narrow band radomes. This parameter is closely related to the

% radome shape.

5

@ To get insight to the effect of the wall curvature to the IL intensities

%E consider the reflection from the radome wall as an interaction between a

ﬂ curved (parabolic) and a planar antenna (See Fig. 1). Assume that both

» the antenna diameter, D, and the radius of curvature, R, of the parabolic {,‘ ﬁ
antenna are much greater, than the wavelength (R3>Y% ,D>y > ). As a t:L}:
" measure of the intensity reduction due to the antenna curvature we choose ;7ﬁ}§;g

the ratic of signals in the receiver induced by a curved and that of b

second reference planar antenna :
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In the projected aperture field approximation [1]
. - Z
- 2% 1 ¢ (o 75|
where F is the complex Fresnel function.

If the agrument of the Fresnel function

D/UNR 22

or )
RSI‘/S’.) (2)
Then (1) reduces to

o = MR/D2

The latter formulae may be obtained from geometrical optics approximation

s pen e

-

taking into account that & is the ratio of an "angle of view"” (Qh':.&tp )

.
.

of the receiver antenna to the divergence angle (%%2:Q/Q ) of the

L
¢ a ¥
LTIV

transmitter beam. Inequality (2) is a condition for application of the

e
s r

incoherent (or random phase) approximation to the IL calculations.

g
- .

&l

For three dimensional radome design, the incoherent approximation

can be used when both radii of curvature are smaller that D2/8).

We estimated the IL intensities for two, half-wave wall radomes, the
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contours of which are shown in Fig. 2. The basic assumptions applied s*¢31\$ﬁ
e -}-\." D
: t-'-‘".-'¥' My
were: g
IRASLALS,
t’:‘.. & _:\'. L
t\._ -~ :‘! h
K 1. The dominant contribution to the far side lobes are the R
s, . KA
5? image lobes. T e
bl e
PAEIERA
§l’ .l‘“ “- Al}.;
% 2. The appearance of the image lobes are resulted from specular Pl vt
Lo R
P )
-4 reflections. et
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T’.: \_u._:.‘-_:g_t_n_:.
% 3. The radome can be considered as a collection of locally planar e
L, elements. NGRS
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Two calculation models were used, both relying on ray tracing in receiving
mode. In the coherent model [2] for uniform aperture distribution, the

image lobe intensity in a direction &k from the antenna axis:
. 2
1 (.ﬂ.) = ‘\‘\ TQJ QXP(-L’(L) d A ,
A

where T is the wall transmission coefficient, R, is the component of the

y
complex reflected field in the direction of the antenna polarization and L

is the ray path length between an external reference plane and the antenna.

In a second model [3] the IL intensities were estimated by random phase

approximation:

INENE 5 | TR, [ dA
A

The IL intensities were minimized by an iterative process for optimum wall
thickness distribution. The results are summarized in Tables 1 & 2.

Table 1 contains the IL peak intensities in an azimuth plane, directed to

the tip of the radome. In Table 2 are listed the calculated peak and RMS

IL intensities in the elevation plane.

It is appearent, that generally the incoherent model results in an
overestimation of the IL levels - except for small angle gimbal positions.
It is also noticed that relatively small changes in the radome geometry

has an appreciable effect on image lobe intensities.
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Comparison of

Estimation

Coherent and Incoherent Models in Image Lobe

.
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IMAGE LOBE PEAK LEVELS (DB)
ANTENNA
GIMBAL ANGLES
RADOME "A" RADOME “B"
EL AZIM COHERENT INCOHERENT | COHERENT {INCOHERENT
~4,50° 59 -38.2 -37.9 -43.2 -42.7
-4.,59° 10° -39,2 -38.3 -42 .4 -41.,0
-4.5° 30° ~40.0 -32.1 -40.3 -3¢.1
-4,5° 60° -41.6 -31.6 -40.9 -33.1
Table 2

The Effect of the radome shape on Image Lobe Level (Coherent Molel)

ANTENNA
GIMBAL RADOME "A" RADOME "B"
ANGLES
ELEV PEAK RMS PEAK RMS
60 0 -37.6 -39.0 -34.8 -36.0
50 0 -37.9 -38.9 -~35.0 -36.6
30 0 -38.2 =41.0 -36.5 -38.7
-50 0 -37.4 -39.3 -36.2 -38.0
-60 0 -38.2 -39.7 -35.1 -36.4
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HYPERSONIC RADOME STUDY
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ABSTRACT Lga 2

b

During concept studies of a ground launched hypersonic interceptor ?E?ﬁt;;?
missile, a thermal/structural investigation was made of various radome ﬁi;;ﬁ%&
shapes constructed of hot pressed silicon nitride. Radome shapes studied ;;ﬁ;&;&;
included a tangent ogive, a 9.5 degree half-angle cone (with and without | ‘w;f'
a protective cover for the initial portion of flight), and a combined 14 ANk

degree half-angle cone tip/tangent ogive body. A 1-D computer program
was used to calculate thermal stresses and temperature profiles through
the radome wall at two axial stations near the tip and one at the radome

base. Ceramic wall thicknesses of Xo, 1.5 Xo, and 2.0 Xo were investigated

for most configurations.

Results indicated that a combined cone/tangent ogive shape was

optimum, in that it alleviated the high thermal stresses at the tip ’:{?&f:
associated with a tangent ogive and the high thermal stresses at the base Ef%:$£3%
experienced with a cone. The use of a protective tip cover that is ejected &t;:&::n
after launch can decrease inner wall temperature levels, thereby reducing ;iJSZ:f;

the heating environment for internal compone.ts.
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SUPERSONIC TACTICAL MISSILE (STM) RADOME DEVELOPMENT
Arthur J. Thompson
Brunswick Corporation
Defense Division

Marion, Virginia 24354 AD_POO4 360

Introduction

" The Supersonic Tactical Missile program included a radcme development based
on the geometry depicted,in—Figure.1< The nose radome was a Von Karman
body of revolution, 38 inches long with a 15 inch base diameter. The
enclosed radiometer system utilized a 12 inch vertically polarized aperture
providing four main lobes (an azimuth pair and an elevation pair) and
operating over a narrow bandwidth (4.3%) centered at 35 GHz. This contrast
seeker was gimballed on, the radome longitudinal axis and limited to a
primary tracking field og%fjéndegrees about this axis. Radome structural/
environmental requirements‘were based on captive carry %Bllowed by free-
flight air-to-ground modes with maximum durations approaching 160 seconds
and temperature peaks above 900°F. Electrical requirements included the
traditional transmissivity, boresight error magnitude/slope, and pattern
distortion characteristics. Key specifications required transmission
losses of less than 1.0 db (lobe gain imbalance of less than 0.5 db) while
the boresight error maximum magnitude was fixed at 0.25 degrees and the
error slope allowable at 0.05 degree/degree. The effects of radome
emissivity under non-uniform heating conditions were also of concern due to
the extreme sensitivity of the radiometer.

Design Approach
A first order ("half-wave") solid laminate of Brunswick BPI-373 conden-
sation polyimide with quartz fabric was selected for use. This

configuration insured structural/mechanical integrity over the required
time/temperature profiles. Environmental resistance was enhanced via the
use of a metallic nose plug in conjunction with a thermal (wafer) barrier

and a boundary layer trip. From an electrical standpoint, the first order
low dielectric structure was well suited to the narrow frequency band and
high incidence angles (up to 85 degrees), which were somewhat range limited
by the scan sector.
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As shown in Figure 2, sample laminate measurements, conducted by Microwave §5§g§§%
Consultants, indicated relative stability in dielectric constant at 35 GHz E:ﬁ;ﬁ;kﬁ
over the applicable temperature range; loss tangent values were higher than RS

anticipated, however the associated ohmic or heat losses did not appear
particularly severe in subsequent panel or radome measurements.

A white fluoroelastomer coating was initially planned for outer surface
protection during "captive carry" with "clean departure" expected during
the higher free-flight temperature conditions. This was consistent with
existing test data and the dielectric data which indicated "no measurement"
at 900°F due to material "melt". Based on electrical thickness sensiti-
vity, the fluoroelastomer material was to be applied in a reduced
thickness, however concern for emissivity variance or gradients during this
"change-of-state" ultimately resulted in & coating change to a pigmented
silicone based material. This provided good sealant and temperature
resistance properties, but essentially no erosion or abrasion protection.
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The electrical design was directed at achieving minimal reflection levels

P

and Tow "direct path" phase variance. Analytical modeling was refined
early in the design stage using flat panel fabrication/test, which also
verified the extreme sensitivity to thickness variance. The resultant
design used a nominal laminate thickness of .106 inches with no significant
taper. The structural analysis confirmed the adequacy of the basic

®

structure and finalized the attachment interface configuration. A
.‘,""'-, L . e

Q‘L b

s s RO

Radome Fabrication EAR i
2 “--."’.::n:

The radomes were fabricated on a male mandrel in a series of steps which PN

included an extended post cure sequence in an inert gas atmosphere to
insure a low void laminate of high temperature resistance. Since the

electrical parameters displayed extreme sensitivity to small wall thickness
changes and grind equipment capabilities were placed at +.002 to +.003 R
inches, an iterative process was used in the machining operation with a
brief electrical test evaluation being conducted following each incremental
grind of the shell wall. This evaluation utilized frequency variance and

| :
et L

dielectric tape application to discern electrical trends and prescribe the Ll
succeeding grind. Following this effort, the radome assembly was completed
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(i.e. nose tip and attachment hardware, exterior coating, etc.) and then
subjected to the prescribed tests.

s A

5 Test Measurements

:2?' Electrical measurements included transmission Toss, which was typically in
3 the range of 0.7 to 0.8 db (85 to 83%) maximum with improvemenis to about
L 0.5 db (90%) or better as the 15° scan limits were approached. These trends

are shown in Figure 3 for the two principal, orthogonal scan planes through
"¢ the radome centerline at 35 GHz.

Boresight error displayed peak magnitudes of two to three milliradians
(0.11 to 0.17 degrees). As shown by the typical mid-frequency scans in
Figure 4, inplane error polarity or sense was generally divergent with
j?& maximums at 6 to 8 degree angular offsets in both principal scan planes.
Deflection levels were extremely sensitive to nose region wall thickness
= changes with classically predictive behavior. Error slope, derived
: directly from the magnitude data, showed typical peak values through the
1}2 nose region of 0.4 mr/degree (.023 degree/degree) however a maximum of 0.6
» mr/degree or .034 degree/degree (5 degree average) was encountered on one .

e o
s -

- -
.

cax unit. )
: %,

i' Radiation pattern measurements were evaluated with respect to the common ﬁ:j_
?T parameters of sidelobe increase, beamwidth change, and lobe inbalance. In g‘ .
:f: general, no severe distortion was evident, although some isolated, indivi- G
Q;: dual sidelobes did show increases above specification objectives. ti 3
- Electrical tests were also conducted using the radiometer outputs, which e
';: provided voltages proportional to the amplitude differences in the beam -

E;: "pairs" (azimuth and elevation). In the test arrangement, a "hot" source fi
o swept the band (10 millisecond sweep time) while the radiometer "pattern" :f
;;' was generated over a +10 degree scan sector centered on the boresight axis. :1;53

7 Direct analog recordings were obtained as well as digital data via desktop ——
computer control, the latter being used in rather extensive evaluation _:_:fn;f
procedures. A typical azimuth channel output for an azimuth scan through }_;§;.

the elevation beam pair "null" cr "cross-over" is shown in Figure 5 for e
both free-space and "with radome conditions (+3° azimuth/0° elevation
offset). In general, the radome introduces no unusual or significant
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distortion in the differential voltage response other than the attenuation
associated with the radome insertion loss.

Environmental tests included thermal, vibration, altitude and humidity.
The humidity test sequence, which was of most interest, resulted in a 0.6%
weight increase of the radome shell (excluding hardware). This in turn
caused a temporary transmission loss increase of up to 0.5 db. Return to
the ‘"pre-humidity" levels occurred following exposure to ambient
conditions.

Structural tests were conducted with temperature compensated Toads
(combined shear/moment and axial) being applied in increments up to 125% of
limit (ultimate) and later to 140% of limit load without failure. Some
residual deflection was observed and attributed primarily to deformation of
the "0" ring in the Marmon clamping mechanism.

Summary *1_?;
The development program was successful in producing a nose radome assembly f:§
which met the basic requirements of the Supersonic Tactical Missile : ;5%
application with no difficulties being encountered in the limited flight 42:;:;f
test program. Figure 6 shows a "captive-carry" mounting of the STM during :Q§32%3
this segment of the program. Potential problem areas identified included Eﬁfi}g}
the common cnes of exterior surface protection and moisture absorption. ;EXEﬁi3
Radome electrical performance was considered good and indeed somewhat EE§§§8§
better than expected. The work performed in optimizing these performence ﬁ»j(ﬁﬁ{.
levels provided a renewed appreciation of the tolerances associated with ’Zf?;”'

Ka-band frequencies and the desirability of electrically large apertures. e
'
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ABSTRACT

SILICON NITRIDE RADOME DEVELOPMENT
FOR BROADBAND HIGH TEMPERATURE APPLICATIONS

James F. Schorsch and Gary E. Miller

Engineering Technology
BOEING AEROSPACE COMPANY

This paper describes the design, development,
fabrication and test of a large broadband siliccn
nitride radome for hypersonic missile applications.
Both partial size (typically the forward third of a
full size radome) and full size radomes were
fabricated and subjected to extensive testing at
room and elevated temperatures. Results of
electrical testing conducted on two radomes at room
and elevated temperatures are presented. Radome
electrical performance tests included radiation
pattern measurements of a large aperture scanning
antenna and a small aperture wideband antenna over
a multioctave frequency range.

This program was sponsored by the Avionics
Laboratory, AFWAL under Contract F33615-79-C-18:6.
Project Engineer was Alan Blume.
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A MILLIMETER WAVE APPARATUS FOR FREE-SPACE MEASUREMENT
OF DIELECTRIC CONSTANTS AT HIGH TEMPERATURE

D. R. Gagnon and D. J. White

Michelson lLaboratory
Naval Weapons Center, China Lake, California 93555

INTRODUCTION AD"P004 361

.

~F

\
Radome materials are being required to withstand increasingly higher

temperatures. There is, therefore, a continuing need to measure the dielec-
tric properties of these materials at elevated temperatures, particularly at
millimeter wavelengths where the data base is still relatively sparse. At
the Naval Weapons Center (NWC) an apparatus has been constructed to measure
the complex transmission coefficient of flat panel samples at 35 GHz. The
complex permittivity of the sample is calculated from the transmission mea-
surements which are made in a free-space bridge.‘ién array of high-intensity
infrared lamps is used to heat the sample and bﬁik té;peraéﬁres up to 1000°¢C
have been obtained thus far. This heating arrangement allows measurements
to be made at large angles of incidence. As a result, measurements can be
made at the Brewster angle which greatly simplifies data acquisition and

analysis.
MEASUREMENT APPARATUS AND TECHNIQUE

A block dJdiagram of the apparatus is given in Figure 1. The microwave
beam is directed through the sample by a pair of lens focused horns. For the
current setup, the horns focus to a 3-dB spot size of 1.5 wavelengths at a
focal distance of 18 inches. The receive horn sits upon a carriage which
can move the horn along the beam and across the beam using micrometer

screws which read position to 0.0001 inch. The reference arm of the bridge
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contains a phase shifter and a variable attenuator which are used to pre-

VA

R ey 313

e

cisely "null" and balance the bridge prior to inserting the sample.

- -

A lock-in amplifier is used to measure the detected signal from the
bridge. The lock-in amplifier provides greatly increased sensitivity over
the use of a direct current (DC) voltmeter permitting measurement of a very
small power imbalance on the bridge. This, in turn, allows the measurement

of transmission loss through very low-loss materials.

The radio frequency (RF) source consists of a 10-mW klystron at 35 GHz
which is phase locked to a stable 5 MHz crystal oscillator. The 35 GHz sig-
nal is square-wave modulated at a frequency of 500 Hz for the use of the

lock-in amplfier.

The sample heater consists of a set of 10 high-intensity incandescent
lamps with collimating reflectors. The lamps are arrayed in circular arcs
on either side of the sample to focus their output onto a narrow strip on
the sample surface. At full power each lamp produces an output heat flux of
approximately 1 kW on a 1.5- by 6-inch aperture with peak output at about
1 micron. The sample temperature is measured with a thermocouple placed
below the sample surface. A temperature controller provides sample tem-

perature setability.

RN

Measurements are made by setting the phase shifter and attenuator so RN
s

that the bridge is very precisely balanced, i.e., the output of the detector _,,!L;

is zero, with the sample removed. With the sample in place, the bridge is

renulled at each temperature by adjusting the separation of the focused
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hotns. The phase shift through the sample is then read from a micro-

meter [1]. Transmission loss through the sample is determined by using the
lock-in amplifier to measure the detected power imbalance of the bridge with

the sample in place at the Brewster angle.

While measurements are certainly not limited to Brewster angle inci-
dence or paralliel polarized incidence in our apparatus, the permittivity
measurement is greatly simplified by this arrangement. At arbitrary angles
of incidence, the flat panel transmission coefficient must be inverted by

numerical iteration to yield the sample permittivity. At the Brewster

angle, the relative dielectric constant and loss tangent are given by [2].

2
&r =1+ (%L)cos 6 + (%L) (1)
-A2n(t) €.r - sin® 8
Tan 6 = Ernd (2)

where d is the sample thickness, AL is phkase shift through the sample in the
same units as d, and t i: the magnitude of the voltage transmission coeffi-
cient. The quantity t is given in terms of measured data by the following

expression

1-VP
1+Vp

t = (3)

where P is Pm. /P

in’ Fmax’ the ratio of minimum to maximum detected power as the

relative phase on the bridge is rotated through 360 degrees with the sample

in place.
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PRELIMINARY PERFCRMANCE DATA

The perforwance of the measurement system «as evaluated by making mea-
surements of the relative dielectric constant ot tused quarts versus temper-
ature up to 9006°F. Higher temperatnves can ue achioved by hlackening the
surtace of the sample since quartz 1s nearly transparent at the peak output
wavelength of the heat lamps. Total thickness ot the quartz plate sample

was 0.578 1nch.

Firgure 2 gives a plot of the measured results along with measurements
made by W. Ho [3] ot Kockweil Science “onter. Ho claims a measurement

accuracy of better than 1% and our results agree with h's to within about 2%.

CONCLUSIONS

We find that the NWC high temperature permittivity measurement appara-
tus provides sufficient precision to measure the relatively small changes
ir dielectric properties which occur as quartz 1s heated. This precision
should be more than adequate to chiracterize the electrical properties of

most radome materials at high temperatures.

The current arrangement for heating the sample does cause a problem
which limits the sensitivity of the apparatus due to proximity heating of
the dielectric lenses on the focused horns. Tt turns out that a rise in
lens temperature of a few degrees produces fairly large measureable changes
on the output of the bridge. For this reason, the sensitivity of the appa-
ratus 1s reduced so that we have not yet been able to measure the small tem-
perature variitron of loss tangent for quartz. By improving the thermol
isolation of the sample, the sensitivity of our apparatus could be 1ncreased

considerably.
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AUTOMATED RADOME TESTING
by
CHARLES E. MOORE
JOKN B. STYRON
BRUNSWICK CORPORATION
DEFENSE DIVISION

WRIOK, VA 2434 AF_DOG4A 362

Introduction

An automated test system has been developed for correction and electrical
testing of F-16 Nose Radomes, and is currently in use. A computer control/
data acquisition system is utilized in the measurement of transmission
efficiency, boresight error, and radiation pattern parameters for each
radome. Major components of the facility and equipment include an anechoic
chamber and compact range, a five (5) axis positioner with encoders on all
axes, and a control/data acquisition console.

The F-16 Nose Radome is a half-wave wall utilizing filament wound construc- gj
tion and precision grinding to provide optimized X-band performance. . The X.

F-16 aircraft antenna is a flat plate array utilizing a sequential lobing E T
technique for boresighting, where the boresight axis is determined by equatl L
amplitude crossovers between beam positions. Beam steering over the g
required squint angle is eccomplished by the switching of four (4) unipha- -
sors in the array manifold to produce an up-down-right-left sequence of the -
main beam. .
Facilities ®

The facility configuration and major equipment items are shown in Figure 1.
Equipment located in the anechoic chamber consists of thc RF reflector and
teed assemblies, the radome test positioner, remote control station and
display, and the personnel hydraulic 1ift platform. Pyramidal RF absorpent
material (8 and 12 inch) covers the walls, ceiling and floor of the chamber
and 15 backed with a metalized surface. The size of the chamber is 36'L x
20'W x 17'H. Heignht of the positioner boresight axis from room floor level
is 9'6". A radome dolly with hydraufic 1ift is used to mount and dismount
tne radome. After the radome is mounted on the positioner, it can be
opened and closed by means of a hydraulic hinge and latch System which
permits the adjustment of RF power free space reference levels and also
allows the installation of correction tape without removing the radome from
the positioner 1tself, The remote control unit and associated 19" CRT
display permits the technician to perform baseline data and correction
scans from the anechoic chamber location. The computer control and data
acquisition system is housed in eight console racks, with all operating
subsvstems mounted above the writing surface. The area below this surface
contains the air plenums and blowers.
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RF Systems and Controls K

A block diagram of the R-F system and controls 15 shown in Figure 2. The - = =
transmission system consists of a sweep generator frequency source, 10 watt :
TWT amplifier, frequency counter, power control umit and a transmit power
monitor. Operation of this equipment is by computer control and provides a
power stability of +2% as monitored at the RF feed assembly. The trans-
mitted power 1s compdared to tne preset free space level at the start of S
each scan and adjusted by the compute%. The receilving system is divided .
into three catagories, transmission (T°) measurement, pattern measurement 2
- and bcresight error measurement. For transmission measurement, the RF
f%*‘ poweir from the system antenna 15 detected at the RF output port, amplified

5 ana then modulated by the transmission synthesizer and coupled to an SWR
meter, the analog output of which is converted by the computer to
transmission efficiency in percent. For pattern measurement, the antenna
A RF output 1s coupled to an IF frequency converter and then to the pattern
3 receiver where the analog output is converted by the computer to pattern

“‘ level change 1n DB. For boresight error measurement, the antenna RF power
is detected at the antenns output and coupled through the boresight error
comparator which supplies the relative voltage levels of the right-left and )
up-down 1lc' e sequence positions of tne aaconna RF pattern. This informa- :
tion 1s cou. led to the antenna azimuth and elevation microcomputer digital

control systems which continuously position the antenna to its RF boresight
axis during the scan.

The range refiector feed is also computer controlled to provide either
horizontal or vertical linear polarization dependent upon requirements.
The radome is tested in an on-Side position with horizontal polarization
for all transmission and boresight error measurements.

K J

Test Positioner and Controls

The radome positioner and control console are shown 1n Figures 3 and 4. ¢

The positioner has five axes of movement; azimuth, elevation and roll asso-

ciated with the positioner itself and azimuth and elevation movement of the

antenna gimbal axes. All axes are controlled by stepper motor drives
. operatea by therr associated computers. The positioner radome roll
- assembiy is equipped with a hydraulically operated hinge mechanism allowing °
G the radome to be opened and closed without removing the radome from the ..
: positioner, The angular positions of each of the five axes are monitored
= by 18 bit absolute reading opticai encoders.

The positioner and controls are designed to provide a counter-rotation of
the antenna as the basic azimuth and elevation movements of the radome
positioner are rotated. This arrangement permits the continuous controlled -
movement of the antenna to any position within the aircraft controlled
window zone and eliminates the quadrant scanning method required when using
a tixed support for the system antenna. This continuous scan test method
‘ coupled with the auvtomated control provided by the test range computers
% result 1n g substantial reduction in radome test time compared to that of
5 the more conventional fixed antenna support system. Computer Control, Data
Acquisition, and Display Computers (five total) are used to opeiate the
system during correction or acceptance testing. Three of the units are
microcomputers dedicated to specific preset functions; antenna azimuth and
elevation gimbal axys control and antenna lobing sequencer drive. The two
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primary mainframe computers are equipped with operator terminal interfaces
and are used to control the positioner axis movement, provide data acquisi-
tion during each scan, control the R-F system and provide various
housekeeping functions. A graphical display of the radome performance data
in analog format is dispiayed on a scan by scan basis on the 19"2CRT,
Included are horizontal and vertical boresight error components, T and
pattern performance, and radome test performance specification limits.
Data acquisition is accomplished by reading analog outputs of the RF
receiving system and binary outputs of the shaft angle encoders.

Baseline Dats and Correction

Operator interface to the system for baseline data and correction is thru
the remote control station located in the anechoic chamber. This station
consists of a switch operated logic interface to the primary range computer
and parmits the technician to perform any scan defined in the test
procedure in any random Sequence. OQut-of-spec scan segments can be
examined (CRT display) and the appropriate correction techniques employed
to change the radome performance values to comply with specification
limits. For boresight error tests, the limit magnitudes are also displayed
for each scan.

Radome Testing

Upon initiation of the test sequence, the antenna is automatically
positioned such that the main beam is on the range boresight axis. With
the radome in an "open" position, the operator adjusts the transmission
pattern power level to 100% or 0 DB free space reference level. The radome
is then closed over the antenna and the test sequence begun.

Operating in the boresight error/T2 mode, the system antenna is contin-
uously counter-rotated to the RF amplitude null in both the horizontal and
vertical planes as the radome is rotated about the range boresight axis.
Boresight error performance is recorded in both planes as a function of the
antenna axis movement required to maintain the null and compared to the
same scan performed for free space conditions. The algebraic comparison of
radome versus free space data essentially normalizes repeatable scan
anomalies to zero with the remaining data representing the two planes of
radome boresight error performance. Power transmission is simultaneously
recorded in percent change as a function of scan angle. Measurements are
made continuously over a 120° scan an¢ : (aircraft azimuth) for various
elevation offsets. Operating in the Pattern Mode, the antenna 15 offset to
the angle required relative to the radome, and the radome and antenna are
then rotated through the required scan coverage with the pattern perfor-
mance being recorded in DB attenuation each 1/3° of scan angle.

Data Acquisition and Reduction

RF power data (Transmission and/c¢r Pattern) is acquired by means of A/D
converters coupled to the analog outputs of the RF measurement equipment.
Boresight error data 1s acquired 1n binary format of encoder shaft angle
position on a free space versus radome algebraic comparison basis. For
boresiyght error testing, approximately 3,000 data points are taken per 120°
of scan. This high number is requirea because of the null crossover nature
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of the counter—rotdﬁing servo control loop. This crossover occurs at an
approximate 50 Hz rate during the scan and has an oscillatory peak to peak
value of approximately + 300 microradians. The raw data waveform can be
considered analageous to an amplitude modulated carrier frequency with the
modu]ation representing the radome boresight error. Since the oscillation
is basically a functiun of the positioner scanning speed and the computer
servo loop control speed (which are essentially preset values), it is
periodic or repetitive in nature. This characteristic permits mathematical
normalization of the oscillation peak to peak level to within an average
value of approximately + 150 microradians of the true radome boresight
error measurement values.

Each radome test data scan is stored using one of the data acquisition
computer flexible disk drive units and is retained as a permanent record of
the radome performance. X-Y plotter hard copy of each scan can be provided
when required. A summary of the radome performance and verification of
specification compliance is provided by the computer printer for each unit
tested.

Results

In evaluating a test system of this nature, the predominant question that
is always asked is "what are the day to day repeability performance
values?" Figures 5 and 6 are actual F-16 transmission, boresight error and
pattern azimuth scans performed on a repeat (3) basis. The difference
between the smoothness of the vertical and horizontal boresight error
components is due to the remaining carrier oscillation present on the
horizontal component after data processing. Since the only movement of the
elevation gimbal axis of the antenna during the scan is that due to the
radome itself, the vertical boresight error carrier oscillation level
remaining after data processing will obviously be much lower than that
associated with the horizontal component.

With the automated test system and the indoor compact range facility, the
time required to correct and test radomes was reduced by 50% when compared
.to a conventional outdoor test range. Day to day repeatability was also
drastically improved such that "free-space" scans need only to be performed
once per month for calibration.
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DESIGN AND CALIBRATION OF A 35GHz DIELECTROMETER __'f”
J. HANSON and J. BRAZEL
MATERIALS DEVELOPMENT % CHARACTERIZATION LABORATORY -

SENERAL ELECTRIC COMPANY, RE-ENTRY SYSTEMS -0 .
PHILADELPHIA, PA 19101 N

AD-P004 363

INTRODUCTION . @ .

A 25 GHz (fixed frequency) dielectric measurement facility has been designed
and calinrazed for use in our laboratory, principally for support to development

of X,
n

pand and nillimeter wave radume materials. This paper describes the bacic
design, gives some details of the construction and electronic instrumentation and
preseants the results of inter-laberatory calibration on Dynasil 4000 fused quartz.

DESCRIPTINN OF DIELECTROMETER .

The comiplete assembled dielectrometer apparatus is shown in Figure 1. The e
waveguide hardware, sciid state electronics and the corresponding dimensions of the ¥
measuring section itself make for a compact tabletop installation.

The dielectrometer uses the shorted waveguide technigue and is adapted from g

-

2

the 24 GHz apparatus previously developed by W. Westohal at MIT {(Ref. 1}. A

block diagram of the facility is shown as figure 2. The slstied waveguide and - ,

[%]

heated sample holder section use a 1/4" diameter circular waveguicde excited in
the TEn mo“e. The energy source is a phase locked Gunnr diode {Hughes mecdel
47741H-2210}. The output is modulated with a ferrite device and coupled to a
short piece of coax with a tuned waveguide adapter. The energy is then coupled
to the slotted line with a loop at the center of a shorting plunger.
. . . . . . . e 3

A closeup view of the slotted line assembly is shown in figure 3. In this -

photogranh yhich shows the high temperature configuration, the wavequide section

is behind the rectanqular (probe carriage) enciosure. The sample holder/furnace

assembly is at bottom and the precision micrometer probe positioning assembly is

: at the top.
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The slotted line has an 8 mil wide axial slot, long enough to allow
approximately one half wavelength of probe travel. The probe is a .0015"
diameter gold plated tungsten filament. Energy picked up by the probe is
detected by a diode in the probe carriage. The probe depth is adjustable.
Also, tuning is provided in the carriage to optimize sensitivity at differ-
ent probe depths. This tuning is provided by a coax shorting plunger built
into the probe carriage. The position of the carriage is adjusted and mea-
sured with a large barrel micrometer. The end of the slotted line is threaded
to attach to the sample holder.

The room temperature sample holder is simply a copper tube with a flat
bottom short provided with a small central hole to press samples out. The
high temperature sample holder is a longer platinum tube with similar flat
bottom short and knock out hole. A water cooled plate is soldered to the top
of the sample holder to keep the slotted 1ine from being heated. The sample
holder is heated with a platinum-iridium alloy coil which is wrapped around
an alumina tube and muffled with the lower thermal conductivity porous fire
brick cylindrical eqf1osure visible in the photo. The wall thickness of the
section of platinum tube between the heater and the cooled section was thinned

in order to reduce heat loss out of the high temperature holder and furnace

‘
\

into the waveguide section.

The principal instrumental difficulties encountered in the 35 GHz scale
version of the Westphal's earlier 24 GHz design were in the closer machining
and part positioning tolerances required. Dimensional errors of mispositioning
of the 0.2497 inch diameter sample or the biind end sample holder/waveguide
section and extremely slight misalignments of the travelling voltage probe
were found early in the calibration effort to give larger error sensitivity

than previously experienced.
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In the electronics, the purchased components have worked to specifica- _?éiﬁfn
tions, but our earliest work was delayed by phase locked oscillator instabil- :{:fij'
ities until the need for an isolator between the Gunn diode source and ferrite :;_%_,
modulator was identified. e

MEASUREMENT PROCEDURE:

Wnhen using the dielectrometer for room temperature measurements, the

position and 3D width of a null are first measured with the slotted Tline with

,
« ' a_ ¥ v
257 SPLT o1

no sample in the holder. These measurements are then repeated with the sample i‘”:::l’
in the holder. Measurements are usually repeated with the holder rotated 90°

and with the sample flipped end from end to check on sample uniformity.

5 Elevated temperature data is taken in the same way. Null width and posi-
"4 tion are measured as the sample holder is heated in approximately 100°C steps. e

Data is then reduced using computer coded algorithms. These codes allow and

Y

]

* 1
Ty ., ' ,‘ A
oI W AN ﬁ.ﬂ' i Rl e

3 correct for such effects as differential thermal expansion and growth of the i”}
g specimen, including sample to wavequide fit effects. .
- MEASUREMENT RESULTS:

SR

The results of measurements on a sample of Dyrasil 4000 fused quartz

(clear glass vitrecus fused silica) are presented in Table 1. As described

., g
f T
.

above, the room temperature copper holder measurzaments were made in a combina-

tion of two rotational positions and with the cylinder faces reversed. This is

the practice reqularly observed in W. Westphal's data and serves as a measure

e

L8

of homogeneity and isotropy. i
H

High temperature measurements using the platinum wavequide/sampie holder . .

have been performed up to1176°C at the time of preparation of this paper. The ~ __;_~

furnace design and platinum holder are however expected to be capable of 1400-

1500°C. We have been reluctant to jeopardize conduct of several programs re-

.
. .
P

CAT IR T wd el )

( quiring dielectric measurements in this lower temperature range with this appa-

ratus but expect to push the platinum holder to above 1200°C in the near future.

L oL
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(el

These data are plotted in Figures 4 and 5, compared to the corresponding

previous measurements by Westphal (Ref. 2) and Ho (Ref. 3). Two sets of meas-
urement runs have been made on one specimen, the first to 748°C and a second
in the high temperature holder only, to 1176°C. The dielectric constant data
are remarkably close to these references, well within 1.0%. Our loss tangent
data are however higher; e.g. an average value of 0.00072 at 25°C using the
copper holder versus 0.00035 by Westphal and 0.00C40 by Ho.

Transferral to the high temperature holder gives measured values of 0.00086 -
0.00090 for loss tangent at 25°C. At our first maximum measured temperature of
748°C the value is 0.00058, compared to 0.00020 for Westphal (807°C) and
0.00030 for Ho (800°C). For the second set of measurements to 1176°C, the
difference is smaller: 0.0005 versus 0.0C035 and 0.00030.

Regarding instrumental design differences, these are obviously extremely
low loss tangents ‘u measure by the shorted waveguide method and in our dielectric
materials development work such low loss tangents would be considered excellent
properties. The shorted waveguide method has the advantage of enabling measure-
ments of materials with loss tangents rising up through the range 0.001 - 0.01
and higher where tuned cavity methods lose sensitivity. Westphal used the
platinum foil enclosed cavity method, driving the tuned dimensions specimen with
a KA band klystron oscillator. This method would be exnected to have superior
sensitivity in low ranges of loss tangent. Ho used a cavity perturbation tech-
nique.

Another obvious consideration in these comparisons is that we have to date
measured one specimen.

Future instrument development work will include higher temperature measure-

ments on Dynasii 4000 and a reference higher dielectric constant material.
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TABLE T: DIELECTRIC CONSTANT AND LOSS TANGEMT MEASUREMENTS
ON DYNASIL 4000 FUSED QUARTZ AT 35 GHz

ROOM TEMPERATURE MEASUREMENTS IN COPPER HOLDER

FACE ROTATION DIELECTRIC CONSTANT LOSS TANGENT ;:_Z?jiii':'?;'Zif
(DEGREES) NI

0 3.833 .00071 S
90 3.828 .00076 e
3.829 .00073 P
90 3.828 .00069 LT

NN —a e
[e)

AVERAGE 3.8295 .00072
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HOT RADOME BORESIGHT ERROR MEASUREMENTS

C.S. Ward, M. Cerullo, and G. Plimpton
Raytheon Company, Missile Systems Division
Bedford, Massachusetts 01730

AD-P004 364

A test facility has been developed whith permits the
convenient measurement of boresight errors on missile radomes
heated to flight temperature profiles with peak temperatures
approaching 1400°F. Its Yoy ingredients are an electric oven
and radome conformal heat socks having independent thermo-
statically controlled zones to produce desired longitudinal
radome temperature tapers, and infrared video equipment to
remotely monitor and record rademe surface temperatures.

SUMMARY

Hot radome error measurements from this facility1 have
been used to establish that: 1) radome heating causes
significant changes in boresight error due to shifts in radome
tuning frequency; and 2) radome wall thickness equivalgnts
can be determined for aero-heating induced BSE changes”.

INTRODUCTION

Typical materials used for missile radomes have a
dielectric constant that increases with temperature as shown
in Figure 1. This causes the radome walls to electrically
look thicker, corresponding to a decrease in radome tuning
frequency. The resulting effects on radome boresight error
cannot be neglected in many applications.

An example is Pyroceram 9606, which has a diclectric
constant that increases approximately 1% for every 2000F
increase in temperature. Simple wall theory predicts that an
average temperature increaseof this size should correspond to
0.6% shift in tuning frequency for a radome with a half-wave
wall at X-band. Such frequency shifts can cause significant
changes in the boresight errors of missile radomes.

In view of the fact that average radome temperature increascs
above 2009F are frequently encountered, it is clearly desirable
to make radome measurements at elevated temperatures to evaluatc
temperature effects on radome electrical performance. The
hot radome boresight error test facility is intended to enable
convenient, relatively low cost meas'irement of thermal effects
on radome performance.
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FACILITY DESCRIPTION

The equipment used for radome heating, temperature
measurement, aad recording is shown in the photograph of
“tgure 2. In the center of this picture is a 10Kw electric
oven that can be raised and lowered by a motor driven hoist.
Po 18 shown in the raised position above a heated radome
resting on fire brick. This oven consists of open heating
ceils cenfigured to match the radome shape and connected so
a- to form six inlependent zones, each of which is thermo-
statically controiled. The temperature of any zone can be
preset  at any desired level over a wide range, making it
possible to reproduece a large variety of longitudinal
temperature profiics upon radomes under test.

Mounteld on a tripod at the left side of the figure is
a commercial infrared video camera that senses hcat radiation
from the radome in the 8-12 micron wavelength range with a
liquid air-cooled detector cell of mercuiy cadmium telluride.
The camera has a line scan mode that permits television display
ot the thermal profile along any horizontal line in its [icid
of view. Seen on the TV screen next to the camera is onec
such scan alonyg the longitudinal axis of the radome under the
oven. Temperature at each point 1s preportional to the
vertical amplitude of the scan line trace. There is sufficient
amplitude adjustment to permit a wide range of temperature
display ranging from 10° to 1500°C fuli scale deflection on the
TV screcn. Calibration (before rf testing) is provided by a
series of thermocouples mounted along the longitudinal axis
of the radome which are connected, as shown in the figure, to
@ l6-channel data logger that records thermocouple readings
directly in degrees. Also, comparison of IR signal levels for
the radome with that of a black body at the same temperature
permits direct measurement of the radome emissivity.

Figure 3 shows the results obtained in reproducing a
typical radome temperature profile. Both the data:logger
and @ TV tape recorder were started the moment the oven was
lifted from the radome. One minute later, the data logger
thermocouple rcadings were directly compared with the temperature
readings from the video trace on the TV screen. Note that
the two sets of temperature readings track one another within
5% and that the radome temperature is initially set everywhere
above the analytically predicted or measured profile one
desires to produce. Temperature of the radome is then continuously
monitored by the IR camera during the time it is mounted on the
boresight error test stand. Boresight error data is taken when
the temperatures have decayed to the desired flight profile.
Decay times must be minimized to protect antenna components from
overheating.
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The mounting of a heated radome on a test stand is
shown in Figure 4, where temperature decay has been delayed
by heating the radome with a three-zone portable thermal
sock that can be carried with the radome into the test
chamber. Removal of the heat source .s then the last stiage
of the mounting process before starting to take RF data.

EXPERIMENTAL RESULTS

Figure 5 shows a typical result of the effects cof

elevated temperature on the pitch plane boresight errsr of

2 Pyroceram radome measured at X-band. The dashed line 1is
the boresight error measured at ambient temperature. The
solid line is the boresight error obtained after uniformiy
heating the radome to a temperature increase of 2150F. This
rise in temperature produces about a 75% change in thke peak
BSE.

It can be shown for uniform radome heating, that this
result is primarily due to a shift in radome tuning frequency.
‘ This is illustrated in Figure 6 where the heated radcne data
of Figure 5 is overlayed by ambient temperature data on the
same radome taken at a higher frequency, 1.006 Fo'

In general, the observed temperature effects on radome
boresight error are not only a frequency shift but also
distortions caused by wall thicknesi tapers and radome
tip-to-base temperature gradicnts(2 .
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CONCLUSIONS

Radome BSE and transmission tests and data d.splays arc
now available for simulated flight temperature profiles with
Raytheon's Automated Radome Test Facility. The benefits are:
1) a significant improvement in hypersonic missile radome
design capability; and 2) cost reduction in flight simulated
radome electrical measurements.
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! ® ¢ OF RADOME INCREASES WITH TEMPERATURE

|

T°C
‘ — CAUSES RADOME WALLS TO LOOK ELECTRICALLY THICKER
— CAUSES DECREASE IN RADOME TUNING FREQUENCY

A

RADOME RADOME
i ELECTRICAL PEAK BSE
WALL MAGNITUDE
THICKNESS

i £

—~=— TUNING
! T°C FREQUENCY

® RESULTS IN SIGNIFICANT CHANGES IN BSE WHICH MUST BE
MEASURED AND COMPENSATED TO REDUCE ERROR SLOPES TO
i ACCEPTABLE LEVELS

Figure 1. The Effects of Radome Heating on Electrical Performance
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LE NEAR-FIELD TESTING TO

3 il INVESTIGATE RADOME

} ABERRATION PHENOMENA

k¢ David G. Burks

[ Texas Instruments Incorporated

P.0, Box 660246, MS 333
Dallas, Texas 75266

Abstract

Near-field testing has been used extensively in the past as a method to deter-
mine far-field antenna patterns. Near-field testing has also been used in
antenna diagnostic and alignment procedures by reconstruction of the aperture
fields. Similar techniques can be empioyed to investigate radome induced

TC.W'??- e
.','_', S8

aberrations such as variation of the wall transmission coefficient, tip
scatter and bulkhead reflections. The advantage of near-field testing is

. that the various aberrations are localized whereas the far-field pattern is

k- the superposition of all effects. The approach used here is based on the plane

P wave spectrum and back-projection algorithm, This theoretical foundation is

L presented along with a discussion of the limitations on resolution. The

. requirements of a measurement facility and experimental set up are discussed.

g-i Several examples are given to illustrate the power of the technique. These
big include measured results on a radome with thickness variation and scatter from )

S0 a metallic tip. PR
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A BROADBAND KEVLAR RADOME FOR SHIPBOARD
by
JOHN B. STYRON
ROBERT S. FRANCISCO

e AD-P004 365
MARION, VA 24354
Introduction
A broadband radome for use on the Grumman M161 Hydrofoil craft was
designed, fabricated, and tested. Dominant design considerations included
electrical performance over a 2-18 GHz band in addition to a Tightweight

structure and compatibility with the shipboard environment. The require-
ment for a fire control radar to be mounted on top of the radome assembly
also dictated a very rigid structure to minimize angular deflection errors. _.

This application is the largest known (10' diameter, 11' high) Kevlar<:>
radome currently in shipboard use.

Radome Design and Configuration

Major elements of the radome assembly are shown in Figure 1. They consist
of three {3) aluminum vertical columns, two (2) internal equipment mounting
platforms, the top platform for the fire control system, and six (6) curved
window panels. The interface to the M161 Craft at Platform A is provided
by bolted flanges on the vertical columns and turned-in solid laminate
flanges on the window area panels. The vertical columns, being hollow,
also function as air conditioning ducts for internal cooling and as tie
points for electrical cables. The columns and appropriate areas of the
internal equipment mounting platforms were covered with absorbers to
minimize reflections.

TR

ST AN N

. . . . e

Window area panel design was governed primarily by the ” - 18 GHz perfour- ;kglgt;j:

mance, weight and rigidity requirements. The lower panels were also ORI

Ta ™ "\ ..‘J

subject to pressure loads from "green-water" which resulted 1n a C-sandwich ) 3

Tt T

design in order to provide the necessary stifiness. An A-sandwich design Cle e

was utilized for the upper panels. The panel skins utilized epoxy impreg- ,":ﬁ

nated Kevlar skins with dielectric constant and loss tangent values of 3.4 BRI

ST

# and 0.02 respectively. Skin to core bonds were made with a thin film ) ®
; adhesive., Panel cross-sections for both upper and lower panel desiyns are T ﬁ{j
) shown in Figure 2. T
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Fabrication

Window ar=a panels were laminated and bonded in female molds. Each skin
was laminited and pre-cured in the molds utilizing vacuum bag process with
autoclave assisted pressure. This process resulted in a dense, low-void
laninate for both inn2r and outer skins which was felt to be the key item
in providing the necessary humidity resistance for the sandwich, especially
in consideration of the known susceptability of Kevlar tc moisture

absorption.

Following skin lamination, core bonds were then made, again using autoclave
prassure. Se¢<h skin to core bond was processed with a separate cure to
tacilitate inspection for added reliability. The lower panel mold with an
in-process panel is shown in Figure 3.

Egvironmenta] Tests

Tests were conducted to establish the adequacy of the radome and/or
components in the operational environment, with particular emphasis on
electrical performance after humidity exposure.

Transmission efficiency was measured on the C-sandwich design both before
and after panel exposure to temperature-humidity cycling as described by
Method 507.1, Procedure IV, of MIL-STD-810C. This test is basically five
(5) temperature cycles, 24 hours each, from 86 to 140°F while maintaining
9%% relative humidity. Data was measured at Ku-band, using the more
critical perpendicular polarization component. Panel edges were sealed
prior to temperature-humidity exposure and the outer surface was coated
with a linear polyurethane paint as used on the radome. The test data
showed a typical transmission degradation after exposure of oniy 2 or 3%
for incidence angles of 0 degree to 50 degrees, i.e., a level weli within
the design margin.

Radome vibration tests were concucted in accordance with Table I of
MIL-STD-167-1 for Type I. For these tests, the CG of antennas were
simulated by weights added to the test configuration. Resonance searches
were conducted to determine resonant frequencies between 5 and 50 Hz in 3
axes. Endurance testing was then conducted for the worst-cases. The mast
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assembly was particularly sensitive to vibration due to resonances
occurring at low frequencies and required added strength at critical
flexure points to achieve an acceptabla configuration.

Rigidity Test

A critical performance factor was radome rigidity under the worst case
specifi.d lateral loading conditions (3.5G). Minimal deflection was
necessary to insure proper operation of .he fire control antenna, mounted
on top of the radome assembly. Acceleration loads were calculated using
the total assembly weight and CG plus the weight and CG of all internally
mounted equipment. The radome assembly was mounted to a fixture which
simulated the attach area of the mating shipboard structure and lateral
loads distributed and applied to the assembiy using straps and hydraulic
cylinders. Maximum overturning moment about the base plate in excess of
50,000 ft-1bs was appiied. An angular deflection of the top platform of
0.9 milliradians was measured which was well within the design allowabie.

Electrical Tests

Measurements were also taken on the completed radome assembly to establish
electrical performance level. An elevated outdoor test range was used with
a throw distance of approximately 200 feet to satisfy ZDZ/A criteria for
the largest anticipated antenna to be used in the radome. The radome
positioner and upper panel assembly is shown on the test range in Figure 4.
Both transmission and radiation patterns were recorded for various
antennas, polarizations, and frequencies. For these measurements, the
supporting structure was covered by microwave absorber to minimize
reflections. Data was recorded with the supporting structure and then with
the window area panels added. Data evaluation was restricted to those
sectors not influenced by the vertical support structure. Figure 5 shows
the minimum power transmission for all antennas and polarizations. The
design demonstrated low losses for all test conditions.
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Radiation patterns were also evaluated for all antennas at discrete

K|

frequenci2s. Typical data derived from these measurements are shown below.

First Sidelobe Increase - 3 to 4 DB
3 DB Beamwidth Change - 3 to 4%
Pattern Ripple to 3 DB Level - 0.2 to 0.5 DB

This unique broadband application illustrates the feasibility of Kevlar

reinforced sandwich radomes for shipboard use. With the process used,
good perrorwcnce was shown with minimal environmental effects. The
finished radome assembly on the M161 Hydrofoil craft is shown in Figure 6.
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M161 HYDROFOIL
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FI3ER REINDORCED FUSED SILICYA FOR HYPERSONIC RADOME A?PLICATIOXSf

F.p. M¥ever*, G.D. Quinmn and J.C. Walck
Ceranics Research Division

U.S. &rcy Materials and Mechanics Resezrch Center
wWatertown, Massachusetts 02172

AD-P004 366

i. INTRODUCTION

During the past few years interest in cor-posite caterials having a
use tTerperatuce above 300°C has increased greatlv. Because ceranics offer
substantial increases in use tecperature, tuch of the research has been
concerned with ceramic-matrix cocposites. Normally, the strength of a
ceramic bedy is linmited by the presence oé\critical flaws in the material thet
will :nitiate cracks and cause failure well below predicted strength levels.
Recently, processing technigues have been developeé which prcduce high purity
ceranic fibers with almost pristine surfaces. The fibers are conpletely
dense and exhibit strength levels and codulus of elasticity values that
approacn the theoretical tinding £forces. More specifically, it has recently
been shown that the reinforcement of a low rodulus glass patrix with high
strength and stiffness fibers such as alunina, graphite and SiC was extrercely
successful in vielding a high modulus cooposite material.

The research reported here has been undertaken as a first step in an
attenpt to develop a fiber reinforced fused silica composite for hypersonic
radore applications. In order to maintain isotropy in the composite material
and to preserve the low and very temperature-stable dielectric properties of
the matrix fused silica material, it was decided to use high purity silica
fibers as the reinforcement. Fused silica is an inherently low strength and
low modulus material. Having an elastic modulus of about 4.5 x_10° psi — —.

-

NOTE: "This paper has been prepared in accordance with the DOD Guidelines
for Export Control of Composite Materials and Technology as set forth by
Office of the Under Secretary of Defence for International Programs and
Technology. These guidelines control the export and dissemination of
certain technologies, particularly ceramic matrix composites.
Specifically controlied is wne transfer of technology for new techniques
and parameters for consolidating, fabricating and forming ceramic matrix
composites and performance test data related to specific military
applications. In addition, technical reports, whether presented orally,
visuwally or written, shall not contain references to previous work
containing information on the above-mentioned areas of ceramic matrix
composites. This information has been intentionally omitted.”

* Currently serving as exchange scientist to Physics Division, Materials
Research Laboratories, P.O. Box 50, Ascot Vale, 3032, Victoria, Australia.
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aleost any fioer used could increase this value considerably. ” Two sources of
hien purite fused silica fibers were found, each reporting a value of
aprro<imately 72 x 10” psi for the elastic modulus of their fiber.
Ajd:t.onally, 1t wis Jdesided to use simple, well-established processing

e .nigues Lo fabricats the composite materials. Therefore, short, chopped
Zran. vurity fased silica fibers were incorporated into the fused silica matrix
55 *hat tne fibers were evenly distributed and randomly oriented throughout
e omposLte. Tiae :ibers were nominally 10 ym in diameter and have aspect
rat.os from 5 to 39,

»e

2. =XPLRIMENTAL PROCEDURE

digh purity fused silica fibers were used to reinforce a high purity

fused siliza matrix. Samples containing 0, 2.5, 5.0, 7.5 and 10.0 volume
percent fibers were fabricated as flat tiles 10 cm by 10 cm by 1.5 cm thick.

n tile was carefuliy dried and sintered. All tiles had their two flat
2s ground flat and parallel to = 0.05 mm. Density measurements were
perforred hased on Arcnimedes priaciple, The modulus of elasticity of each
sarple was determined using sonic techniques. Tiles were then submitted for
mac~hining and standard flexure test specimens were prepared. Each specimen
was 6.4 nm X 6.4 mm by at least 50 mm in length. All surface grinding was
dore parallel to the long axis of the specimen. The density of each specimen
wa. determined from its weight and volume.

Single Edge Notched Beam (SENB) specimens were prepared by notching
the bend bars with a diamond wheel 0.4 mm thick. These bars were tested in
four point loading using an outer span of 4.06 cm and an inner span of
2.03 cm. The depth of the notch was measured and recorded for each specimen
and varied from 3.0 to 3.3 mm. The experimental procedure is depicted 1in
Fiqure 1ia. A loading rate of 0.5 mm/min was used for each test to ensure
tha< only fast fracture occurred. Results of these experiments are tabulated
in Table I. A comparison is made for the fracture toughness of unreirforced
fused silica to samples of fused silica obtained from two commercial sources
in Table II (1).

The Work of Fracture (WOF) specimens were also notched with a 0.4 mm
thick diamond wheel. The chevron notch for all specimens had a d/b of 0.7,
where d and b are the vertical and horizontal notch dimensions, respectively.
This led to stable crack growth during the experiments.

The experimental set-up is shown in Figure 1b and involved loading
the specimen very slowly to allow the crack to grow. Continued loading of
tne sample propagates the crack slowly through the triangular cross-section of
the sample. The work required to propagate the crack through the specimen is
calculated from the load-displacement curve from the test instrument. Results
of these experiments are shown in Table III.

Additionally, small cone frusta were fabricated for rocket sled rain
erosion testing. These samples each had an included cone half-angle of
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22.5°. Samples were fabricated approximately 3 mm oversize and diamond
ground to final dimensions. The bulk density of each sample was determined
by Archimedes principle after machining. A surface profilometer was used to
obtain a trace of the surface finish on each sample. Samples were then
mounted on the U.S. Army MICOM rocket sled test fixture for rain erosion
testing. The rocket sled is propelled through the rainfield at MACH 5. fThe
rainfield itself is 610 metres in length, the rainfall rate being 67.4 mm/hr.
The average rain drop diameter is 1.4 mm.

After erosion testing, each sample was carefully weighed and then
surface profilometer traces were taken.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Typical microstructures are shown in the photomicrographs in Figures
2 and 3. These are fracture surfaces subsequent to the chevron notch test.
Several inconsistencies are evidenced in the micrographs. Most important is
the fact that the fibers are not evenly distributed throughout the matrix.
There are areas of high fiber concentration and also large areas with few if
any fibers at all. In general, the fibers are randomly oriented in the
matrix with no preferred orientation visible, It is also evident that a
fiber B varies in diameter from 5 to 20 um.

The photomicrographs also show that not all fibers are bonded well
to the matrix and therefore not all fibers are participating in strengthening
the composite. Even in the sample with the highest work of fracture (7.5 v/o
Fiber A) there is evidence that a fiber was not well bonded and pulled out of
the matrix. The poor bonding is due to incomplete sintering. Minimum
sintering temperatures and times are used to preclude cristobalite formation
1n the silica ard these have not been sufficient to bond the fibers and
matrix. This fact is also evidenced by the low densities achieved in some of
these composites as compared to 1.96 g/cc for fully fired fused silica.

The data in Table I does indicate however, that higher maximum loads
were required to break several of the reinforced samples than that required to
cause failure in the unreinforced silica. Some of the fibers have sintered
well into the matrix and are strengthening the composite.

(a) SENB Tests

The SENB test is designed to measure the fast fracture toughness,
Kier in a ceramic specimen (2). It basically determines the energy necessary
to initiate the crack. As seen in Figure 4 there is no effect on fracture
toughness caused by the addition of fibers to the fused silica matrix. It
would not be expected that fiber reinforcement would help prevent the
initiation of cracks of this phenomenon is dependent upon the occurrence of
surface flaws in the ceramic and the fibers have no effect on the sample
surface. The number, size and distribution of surface flaws in these
composites would not be a function of fiber content.
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(b) WOF Tests

dork of fracture tests will measure the resistance of a ceramic to
crack propagation. e amount of energy required to propagate a crack
through the sample is measured by the load-displacement record on the test
in<trument. as shown in Figure 5 there is a significant effect of fiber
content on the work of fracture for these composites. The addition of
7.5 v/o of Fiber A and 2.5 v/o Fiber B has increased the work of fracture
dramatically.

Four mechanisms might be responsible for the fracture energy
behaviour shown in Figure 5:
(1) Energy might be absorbed by the stiffer,

phase dispersion, the fibers.

higher strength second-

The generat:.«.n of new fracture surface areas will increase the
ralculated 'racture energy,

Friction for. es between parting surfaces can absorb energy during
fracture.

(4) Interaction of the crack with the dispersed fibers can change the
direction of crack propagation and the path length, both absorbing
energy.

Composite systems are usually designed to incorporate a high modulus
fiber into a low modulus matrix so that the stresses are transferred to the
fiber and many of the bulk properties of the matrix are retained. The SEM
examination of samples failed to indicate any significant contribution by the
fibers in absorbing energy by stopping cracks. Quite the opposite was
observed. The fibers seem to act as a weak second phase that channelled the
cracks down their length thus pulling out of the matrix virtually intact.
vacant channels can be seen in many photomicrographs where substantial lengths
of fiber have come out of the matrix, This mechanism will require additional
enerqgy because the crack direction will be re-directed along the fiber and the
path length will be greatly increased. Also, as the fiber pulls from the
matrix, frictional forces will also absorb energy, thus increasing the
fracture energy.

The fracture surfaces of the fiber reinforced materials had greater
surface roughness than did the surface of unreinforced fused silica.
Although the increase in surface roughness was small, it does 1ndicate
additional surfaces have formed in the reinforced material,
fracture energy.

that
thus increasing
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(c) Comparison of Work of Fracture to Single Bdge Notch Beam

In order to compare the energy required to initiaste a crack, as
measured by SENB, to the amount of energy to propagate a crack, chevron notch
test, a fracture energy for the SENB test was calculated from

2
KIc
2E

Work of Fracture =

where Kp. is the SENB fracture toughness and E is Young's Modulus. These
computations are shown in Table I and plotted in Figures 6 and 7. The two
fracture energies agree quite well for each type of composite. Usually for a
ceramic the energy to initiate a crack is considerably larger than the energy
to propagate a crack. In these composites, the energy to propagate the crack
has been increased by the addition of fibers and is about equal to the energy
to initiate cracks. This is due to the fibers dispersed in the matrix acting
as crack blunters or crack arrestors.

(d) Rain Erosion Testing

Surface profilometer traces of the fiber reinforced silica samples
after rain erosion testing showed about the same mean depth of penetration as
for nominal fused silica. The erosion of the composite samples was a bit
more even around the sample surface than that for unreinforced fused silica.
In previous tests, using 22.5° samples, unreinforced fused silica has cracked
catastrophically and large pieces of the sample have been lost. The fiber
reinforced samples did not crack and were intact when the sled came to rest.

The mass loss ratio, the mass of sample lost due to erosion divided
by the mass of rain encountered by the sample, was improved by about 10% by
the addition of fibers to fused silica. The fibers acted as crack stoppers
and confined the damage due to a raindrop impact to a very localized area.
Although considerable material was removed from each sample, the damage was
more evenly distributed over the sample surface than for unreinforced silica.

4. CONCLUSIONS

1. The fabrication of high purity fused silica reinforced with from
2.5 to 10 v/o of short, high-purity silica fibers which were randomly oriented
in the matrix was demonstrated.

2. The additicn of the fibers had virtually no effect on the
fracture toughness or flexural strength of the composites. This was due to
poor fiber-matrix bonding, with the result that few fibers participated in the
transmission of stress.
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3. The fibers were not evenly distributed throughout the matrix and
this resulted in density and elastic modulus variations in the same sample.

4. The work of fracture, as measured by the chevron notch beam
test, was increased dramatically in the composite material, particularly for
alditions of 7.5 v/o Fiber A and 2.5 v/o Fiber B. This was due in part to
t e absorption of energy to produce new crack surfaces (surface roughness) in
tie comprsites and partly due to the energy absorbed through frictional forces
as fibers pulled out of the matrix. It was mainly due to the fibers acting
at a weak second phase and channelling the cracks along the length of the
fiber, increasing the crack length and changing the direction of crack
propagation.,

5. The rain erosion resistance of the composites tested was
enhanced due ko the increased energy required to propagate cracks in the
material and the channelling of the cracks along the fiber. Impacting rain
drops initiated cracks but the cracks were quickly propagated along the fibers
and only localized failure was incurred. Catastrophic cracking did not occur
during rain erosion testing of the composites as it did for unreinforced fused
silica under identical test conditions.

€. The addition of short, chopped silica fibers to a high purity
fused silica matrix results in a composite that contains a dispersed weak
second-phase. The weak second-phase gives the crack a path of lower
resistance to follow but re-directs the crack and increased the crack path
length and in doing so, absorbs more of the cracks energy than would
unreinforced silica.
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TABLE II.

Comparison of Fracture Toughness Values for

Three Different Fused Silica Materials

Sample Source

KIC

Technique

(MN/m3/2)

161-B

Vendor 1

Vendor 2

0.93 + 0.07 Single Edge Notch Beam
0.92 + 0.04 Double Torsion

0.92 £+ 0.04 Doutle Torsion

TABLE III.

Results of Work of Fracture Measurements

Sample

(#) [Number tested]

Vertical Work of
Notch Depth Fracture
(mm) (J/mz)

Fiber Content Density
(v/0) (g/cc)

(8]

4.45 8.58

4.61

4.52

4.45

4.45

4.50

4.59

4.50
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b. Work of Fracture - Chevron Notch Beam.

Fig. 1 Specimen Configuration and Experimental Procedure for Fracture
Energy Determinations.
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PRESSURELESS SINTERED SILICOH HITRIDE
AS A PROMISING CANDIDATE FOR RADOME MATERIALS

By M.Y. Hsieh, H. Mizubhara and P.¥. Smith
GTt - WeSGO Division, Belmonit, Calivornia 94002
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Introduction

Pressureiess sintered silicon nitride has several favorable features
and properties which make it a promising candidate Tor radome materials
(Fig. 1). First of all, pressureless sintering provides relatively un-
limited shape forming capabilities. Process can be controlled repro-
ducibly. Parts can be made relatively inexpensive. Pressureiess sintered
silicon nitride provides some excellent physical and mechanical properties
which approach hot pressed silicon nitride. ,It has excellent oxidaticn
resistance to 1350°C. It provides high strgggzg‘%%aﬁ(room temperature to
above 1250°C. Excellent thermal shock resistance due to low thermal ex-
pansion and high strength provides opportunities of wide applications.
This paper describes some properties of pressureless sintered silicon
nitride developed by GTE WESGO. SNW-1000 body is used to illustrate the
state of the art of pressureless sintered silicon nitride development.
Brief discussion of various silicon nitride bodies is given. Some recent
results of dielectric properties are given. Size and shape forming capa-
bilities are given.

Processing

Pressureless sintered silicon nitride can be shape-formed by several con-

ventional ceramic processing techniques, such as dry-pressing, isostatic
pressing, green machining, slip casting and tape casting. Two technically
and economically feasible processes, based on slip casting and isostatic
pressing are illustrated in the flow chart of Fig. 2. HNear net shape
silicon nitride parts are usually made by these two processes, in addition
to other techniques, such as dry-press.

Pressureless sintered silicon nitride parts of various sizes and shaje,
are being fabricated and marketed by GTE WESGO. Typical pressureless
sintered silicon nitride bodies are designated SNW-1000 and SNW-2000.
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oo 2 7 pical properties of SNW-1000 are listed in Table 1. Typical
strengtr <long with fracture toughness and thermal properties of pressure-

Y.. +

troered silicon nitride SN¥-1000, along +»ith other silicon nitrides

ant al-33- alurina are shown in Fig. 3.

Fij. 3 (2] chaw the <trenath of pressureless sintered silicon nitride
SlH-1220 :lonrg with < ther silicon nitrides and 99.5 Al1204 25 2 function
of temper:sture.

Tyvical suroeath is about 95 x 103 psi at room terperature, about 35

, : g . ge 3 .

x 177 put at 1009°C ent about 75 x 10° psi at 1200°C.

Lot b

“ressureless sintered silicon nitride, such as SN¥-1000 has elongated
gritn structure about half micron to 1 micron widih and 2 to 4 micioun
length. icrostructure of fractured SiW-i000 is shown in Fig. 4 as SEX
picture at 10,000% megnification.

Dielectric Properties

Dielectric properties of SNW-1000 based materiais measured at room temp-
erature at 2.3 GHz are listed in Table 2. Dielectric loss tan § varies
according to variation of process and/or composition. Dielectric loss tan §
as low as 1.08 x 10'3 is obtained. Samples listed in this Table are iso-
pressed, green machined and pressureless sintered rods. Data are measured
by Coors/Spectro-Chemical lab. The dielectric constant, although higher
than desired value, is still equivalent tc hot pressed silicon nitrides, and

is within useful range. The dielectric loss tangent is reasonably low, which
- is equivalent or better than hot pressed silicon nitride. Table 3 lists also
AR dielectric data of SNW-1000 based silicon nitride, measured by Rockwell

- - International at room temperature and 35 GHz. Samples are processed based

P on slip casting. Dielectric constants and loss tangent values are slightly

- higher than those listed in previous table. This may be due to higher
- frequency of 35 GHz. Nevertheless, results are quite satisfactory.




Conclusions

Dielectric Properties (Cont)

Data of samples, based on isostatic pressing and pressureless sintering ;;}:;;3
are further listed in Table 4. Values of recent development and earlier ;. S
results are included for the purpose of comparison. In addition, the iff{ﬁ{ﬂ
effective matrix dielectric constants, which represent the bulk as well l-i&€
as grain boundary properties of sintered silicon nitride, are calculated ;u ;;E
and Tisted in this table. The Maxwell dielectric mix rule and two phase _ ﬁf;}iﬁﬁ
model of closed pores dispersed in matrix of silicon nitride are used for :gfafkﬁ
calculation. The calculated value represents the effective dielectric illi;;%
constant of bulk as well as grain boundary phases of pressureless sintered §-j§“fﬁ3
silicon nitride. It is clear that the matrix dielectric constants and loss ?ﬂﬁjii?
tangents of SNW-1000 based silicon nitride are reduced and improved compared Enf;f'é

with earlier work. In order to obtain a better picture of the state of the
art of development of pressureless sintered silicon nitride as radome appli-
cation, the dielectric properties as a function of temperatures are reviewed.

The dielectric properties of GTE-WESGO pressureless sintered SNW-1000
based material, along with hot pressed silicon nitrides as a function of
temperatures are shown in Fig. 5 and Fig. 6 for comparison. The data of
samples hot-pressec by Ceradyne were measured by Dr. W.W. Ho from Rockwell
International Science Center (Ref. 1).

It is clear the pressureless sintered SNW-1000 by minor additive & process
modification has dielectric properties equivalent to or better than hot-
pressed silicon nitride. One of the samples, designated as Sample E, has
lowest dielectric loss and little variation as a function temperature, i.e.,
varying from 0.0011 to 0.0015 from 23°C to 920°C. Data of this sample is
listed in Table 5.

Dielectric properties of pressureless sintered silicon nitride are ex-
pected to be further improved by modifications of composition and processes,
based on demonstrated results of SNW-1000 based silicon nitride.

1. Pressureiess sintered silicon nitride SNW-1000 based materials has
sintered density of 3.30-3.33 g/cc. The strength of this material at room

[ et s
. . ®
s




Conclusions  (Cont)

temperature, as well as high temperature appears to be suitable for high
temperature radome application.

2. Pressureless sintered process provides relatively unlimited size

and shape forming capability and is the most economical way of processing
radome.

- 3. Dielectric properties of pressureless sintered silicon nitride
based on GTE-WESGO SNW-1000 based materials are equivalent or superior
to some of iii. best hot-pressed silicon nitride known.

4. Best processed SNW-1000 based silicon nitride sample has dielectric
loss tangent of about 0.0011 at 35 GHz and relatively little variation as
a function of temperature of up to about 1000°C, i.e., loss tangent changed
from 0.0011 to 0.0013 from room temperature to 920°C.
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1able 2
Dielectric properties at 23°C of SNW-1000 based, pressureless sintered

silicon nitride ceramcs (sampies are based on 1sopressed rod of 0.250°
dismeter x 1 6" Yong)

J_(lssd) Dielectric Loss

(:F) SW-1000 Dietectric Constant tan §
dases € at 9.3 GHz at 9.3 GHz

specimens £}

Sarpie A(l) 772 1.70 x 1077

sampie B(1) 7.50 1.40 x 1077

Sample D(1) 7 65 108 x 107

(#:) 1 - Indicates pressed and pressureless sintered isostatic simple,
with sintered density = 3.30 g/cc.
(*) - Drelectric data were messured by Coors/Spectro-Chemical ab.

Tadble 3

Drelectric properties o, 23°C of SNW-1000 based, pressureless sintered
stlicon nitride ceramics (samples are based on slip cast discs of
about 1.750' diameter x 0.175" thickness).

(1984) Dielectric Loss
%) SN4-1000 Dielectric Constant tin
Based & 2t 35 GHz at 35 GHz
Specimens (*)
sarple A () 8.6 2.7x107°
Sanvle B ($) 8.13 25x107
Semole C (5) 8.13 1.8 x 1077
sarple O ($) 799 172107
samole £ (3) 7.93 112107
(£) S - Indicates slip cast samples with sintered density » 3.30 g/cc.
(*) - Dicvectric dats were measured by W.W Ho, Rockwell International
* 8.0 to 8.2.

B WA WY R R T A P W o SPPrANL. WO 39 W3

TASLE 2

PROPERTIES OF PRESSURELESS SINTERED SILICOM KITPILI, $Nw-1005

COLOR Gray
WATER ABSORPTION [
POROSITY Vacuur Tight
CRYSTAL STRUCTURE Hexagonal
SINTERED DENSITY 330 - 3.32
{g/c.c.)
YOUNG'S PODULUS 10
(106 psa}
SHEAR MODULUS 16 3
(108 psa)
BULK MODULUS 3
(10° psa)
POISSON'S RATIO 23
THERMAL DIFFUSIVITY 25% 0.55
(#t2hr) 1100°¢ 013
SPECIFIC HEAT o€ 300
25 810
220 590
440 1060
650 1120
880 1140
1100 3T0
HARDHESS Rockwell 45N 83-85

Table 4

Dielectric properties at 23°C of SNW-1000 based. pressureless saintered
s¥licon nitride (comparison of earlier work and recent work)

(%) sKW-1000 | Sinteres {*) Calculated
Diclectric | Dielectric | Effective
Based Densaty {g/cc) Constant Loss Tan § | Matrax Drelec~
Specimens | (XTheoretical) I3 tryc Constant
(=)
1976 (1) 306 7.33 2.30)(!0'3 8.2
(91%) (8.5 GHz) | (8 5 GHz) (at 8 5 GHz)
1977 (1) 32 795 8 7x1073 8 36
(96%) {8 5 GHz) {8 5 GHz) (3t 8.5 GHz2)
1984 (1) 3,30 7.65 1.08x10"3 7.8
Sarple D {98.5%) (9.3 GHz) (3 3 GHr) {at 9.3 GHz)

(*) Based on Theoretical density = 3,35 g/cc.
(F) Based on Kaxwell dielectric mix rule.
(3} 1 - Indicates isostatic pressed and pressureless sintered sacples

Jable 5

Dielectric properties of SNW-1000 based, pressureless sintered silicon
nitride as a function of temperatures, Sample E. (S).

SHW-1000 Based
Specimens Dielectric Dielectm
Temperatyr Sample E(S) | Constant Loss Tan

(°0) ) at 35 642 at 35 GHz
23 7.93 0 0011

35 8.1 0 001}
570 B.CS 0 0012
680 8.3% 0 0012
920 8.31 Q e0ls

() S11p cast Samole
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LL-100 - A NEW POLYBUTADIENE
(Resin System for Radome Applications)
by
G. WAYNE EASTRIDGE
BRUNSWICK CORPORATION
DEFENSE DIVISION
MARION, VA 24354

Abstract

Low Dielectric and Loss Tangent properties make the LL-100 System extremely
attractive for rcdome applications. The LL-100 Polybutadiene also costs
typically the same as an Epoxy System and processes like an epoxy. ‘Unlike
epoxies, however, the LL-100 System may be utilized for extended periods at
450°F similar to BMI Polyimide Systems. The LL-100 Prepreg has excellent
tack and drape and requires no refrigerated storage. This system has been
utilized successfully for radome applications up to 94 GHz without

substantial change in electrical properties.

Introduction

Polybutadiene Resin Systems are not new to the reinforced composite
industry. They have, however, suffered some adverse advertising brought on
Dy poor strengti properties at elevated temperature. Extensive development
efforts lead to the formulation of a new Polybutadiene System designated
LL-100. This paper will provide data to support the LL-100 Polybutadiene

as a viable candidate for radome applications.
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Discussion

The basic polybutadiene Resin Systems are available in several forms or
microstructures:
- 1,2 Microstructure - A thermosetting poly-
butadiene resin  system utilized in
reinforced composite applications.
- 1,4 Microstructure - An elastomeric poly-
butadiene  commonly utilized in tire
manufacture.
- 1,2 to 1,4 Microstructures - Polybutadiene
blend wutilized to add toughness or
elasticity to the finished thermosetting
polymer.
In Jdeveloping the polymer designated Brunswick Corporation's LL-100
Polybutadiene, several aspects common to resin formulation were evaluated.
Available polybutadiene systems were selected and blended with various
diluents, co-reactive monomers and catalysts. The resins formulated were
preimpregnated (prepregged) into E-glass, Style 181 Fabric and processed
into 12-ply laminates using vacuum bag/autoclave cure techniques. The

screening of the resin formviation was based on mechanical, physical, and

electrical performances.

Table T lists properties of a 12-ply laminate of LL-100 Polybutadiene
reinforced with 7781 E-glass. Flexural strength testing is a common test

character.zing best the adhesion of the polymer to the glass fabric.

In view of the data in Table I, some important characteristics of the
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LL-100 Polybutadiene system can be seen. First, the use temperature is -
450-475°F, achievable previously only with polyimide type systems. The

strengths are generally lower at elevated temperatures but remain quite
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loss tangent properties for the laminate are lower than for laminates made

from other thermosetting systems. Of particular interest is the Tloss
tangent value. In an E-glass reinforced composite, this value is in a

class by itself,

To demonstrate tne optimum radome design parameters of the LL-100 Polybu-
tadiene system, the LL-100 was comuined with 581 Style Quartz Fabric and
processed into a 12-ply laminate and tested. Tabie II gives typical
properties of the LL-100/581 Quartz System as compared to the other
"household" polymers. This combination of LL-100 Polybutadiene Quartz
reinforced is, from an electrical designer's viewpoint, an unbeatable

combination. Again, note the thermal stability at 450°F.

Other aspects and characteristics of the LL-100) System also add to its
usefulness for radome applications. The cost of the LL-100 prepreg system
is compatible to typical MIL-R-9300 Epoxies purchased from a variety of
suppliers. The LL-100 Prepreg also has an unlimited shelf life at ambient
conditions. The prepreg will retain an aggressive high tack and diape
condition in excess of one year at room temperature. This aspect reduces
scrap due to exceeded out time and also allows tor one-time purchasing of

volumes of prepreg needed in lieu of drop shipments required for perishable

prepregs.

Processing of the LL-100 Polybutadiene has a forgivinyg cure cycle quile
similar tc most epoxy systems. Processing is normally a bleed system using

vacuum bag with oven or autoclave assisted cure at temperatures from
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300-350°F. Postcure may be r2quired if temperatures greater than the cure
temperature is needed. The glass transition temperature of LL-100 exceeds

97t .

The oxidative stability and moisture resistance of Polybutadiene polymers
are shown i1n Figures 1 and 2. The polymer resistance to oxidation and
moisture apsorption is enhanced by incorporation of co-reactive monomers 1in
lieu of 190% Polybutadiene monomers. The data shown again demonstrates

attractive characteristics of Polybutadiene for radome applications.

Experience

To date, Brunswick Corporation has utilized the LL-100 Polybutadiene system
in several radome and composite applications. Table III 1lists programs

which have successfully utilized this system.

Conclusions

LL-100 Polybutadiene composités exhibit excellent properties for radome

applications.

The low loss properties make the LL-100 system attractive for exacting

electrical designs, particularly high frequency.

LL-100 high temperature properties (450°F) bridqge the gap between the epoxy

and addition polyimides allowing the radome designer more latitude in

material selection.
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BROADBAND THERMOPLASTIC RADOMES

Kurt Hollenbeck and Matt Rehrl

Texas Instruments - Antenna Laboratory LIS

Dallas, Texas oo

—

Radomes requiring frequency coverage from S through K band present a difficult %
design challenge. Past experience with broadband antenna systems has shown ki
that a Tow finess ratio "A" sandwich radome offers the best electrical perform- y
ance. However, a blunt "A" sandwich which performs well electrically typically - i
has skins which are too thin to provide adequate rain erosion and ground hand- - -

ling protection. Therefore, the designer has been forced to either sacrifice
electrical performance or face increased rain erosion and ground handling
damage. To achieve the necessary electrical and mechanical properties, new
radome designs incorporating thermoplastic materials have been developed.
These new thermoplastic radomes can meet both the mechanical and electrical
requirements while remaining relatively low cost. ./
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The standard materials used for an "A" sandwich radome include fiberglass
composite skins seperated by a nomex honeycomb core. To achieve adequate rain
erosion protection from a fiberg]ass composite material the outer skin needs
to be 0.040" thick or greater.® However, to perform well electrically, the
outer skin thickness should be 0.020" or less. In an effort to circumvent
this problem, Ed Greene from IBM developed a 100% polycarbonate radome. By
changing from traditional composite materials to pclycarbonate materials both
electrical and rain erosion performance were improved. Texas Instruments has
taken the work done by Ed Greene and expanded it, and is currently producing
these polycarbonate radomes under contract to the military.

The 100% polycarbonate radome consists of two vacuum molded polycarbonate skins
bonded to a polycarbonate honeycomb core.?2 An injection molded glass filled
polycarbonate base ring is bonded into the structure for rigidity and attachment
purposes. The entire radome is bonded together using an elastomeric polyure-
thane adhesive,3 A cross-section of this structure is shown in Figure 1.

The electrical performance of polycarbonate radomes 1is superior to their
fiberglass composite counterparts. Most of the reason for the improved
performance is the relatively low dielectric constant of the polycarbonate
(2.77) compared to fiberglass (4.3). A second order effect is the lower loss
tangent of polycarbonate (0.007) compared to fiberglass (0.02). Because the
dielectric constant of polycarbonate is less than fiberglass, the skin thickness
can be physically increased while remaining electrically constant. Figures 2
and 3 show a three dimensional contour plot of two "A" sandwich wall designs.
Figure 2 shows a polycarbonate wall with 0.025" skins and a 0.190" core.
Comparing this to Figure 3, which shows the same physical design with fiberglass
skins it is observed that the polycarbonate radome offers increased performance,
It should be noted that the dielectric constant of the polycarbonate honeycomb
is very nearly that of nomex (1.08). However, because of fabrication methods
used in producing the polycarbonate honeycomb, it is isotropic with respect to
orientation while the nomex honeycomb is not. The orientation effect found in
nomex honeycomb is not great but is measureable as is shown in Figure 4.
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The very high impact strength of polycarbonate translates into excellent rain
erosion resistance and this is the primary reason for it's choice for thermo-
plastic radomes. The high impact strength also makes the radome resistant to
handling damage. A thin skinned polycarbonate sandwich radome can be dropped
from a height of five feet without being damaged. In comparison, a fiberglass
laminate would suffer extensive damage. Even a drop of one foot will produce
fracture lines in the laminate. These lines serve as porous paths for water
migration into the honeycomb.

2

H
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The reason for the increased resiliency of the polycarbonate radome over the
Jherglass radome is threefold. First, the brittle nature of the fiberglass
skins does not allew significant deformation. Therefore when struck, the fiber-
glass material cannot absord the impact energy and the skin cracks. On the
other hand, the polycarbonate skin deforms elastically on impact. This allows
the polycarbonate skin to absorb the impact energy and then spring back to
its original shape. Second, the standard nomex honeycomb core becomes crushed
with repeated impacts. After the core crushes, the skin becomes unsupported and
skin failure occurs. The polycarbonate core does not crush as quickly with re-
peated impacts. [Instead, it absorbs the impact energy througi. elastic deforma-
tion then springs back to its original shape. Thirdly, the bonding agent between
the skins and core affects resiliency. For the standard "A" sandwich radome,
the resin in the skin acts as the bonding agent. Usually this resin is a brittle .
type of epoxy or polyester. On impact, this bond cracks in the same way as the -
fiberglass skin. For the polycarbonate radome, the bonding agent is an elasto-
meric urethane. Upon impact, this adhesive deforms elastically to flex with
the skins and the core. The structural integrity of the bond is not degraded
even after many impacts. Figure 5 shows the rain damage mechanisms of the
standard "A" sandwich wall compared to the polycarbonate "A" sandwich wall.
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The excellent impact properties of polycarbonate are accompanied with low s
stiffness in comparison to a fiberglass laminate. The modulus of elasticity is .
about one tenth, and the strength is about one eighth of a fiberglass laminate.

Because of the reduced strength of polycarbonate, special design of the base is

required. For spheroidal radomes, the nose will usually have adequate strength Tas
when fabricated from polycarbonate due to the special stiffness properties of -
spherical surfaces. Toward the base, where the radome is usually more cylindri- T
cal or gently curved, extra mechanical stiffness will be needed. 1In regions i
outside of the window area, the injection molded base ring is integrated into
the wall. Additionally, the glass filled base ring acts as a stabilizer to o
prevent cold flow of the polycarbonate skins around the attachment screws. s
Figure 1 illustrates the construction of the reinforced radome.
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While polycarbonate radomes offer distinct electrical, rain erosion and ground
handling advantages over traditional fiberglass radomes, there are some draw-
backs. One of the major inadequacies of polycarbonate is its low operational
temperature. Typically, polycarbonate radomes cannot be used where temperatures
reach above 230 degrees F. Not only does the polycarbonate become weakened,
but the urethane adhesive degrades. This precludes using a polycarbonate radome
for sustained speeds of Mach 1 or above. Another disadvantage of polycarbonate
is that it is not resistant to some chemicals. This lack of chemical resistance
might cause problems where the radome is subjected to flightline environments,
To eliminate these two drawbacks of polycarbonate radomes, while still retaining
the desirable electrical and rain erosion properties, new materials need to be
used. "
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Texas Instruments is investigating the use of new thermoplastic materials for
radome applications. These new second generation materials were chosen for
their high temperature capability and their relatively high impact resistance.
Additionally, each of these materials offers a substantial increase in chemical
resistance over polycarbonate. Candidate skin materials include polyarylsul-
fone, polyarylate, and polyether-ether-ketone. Each of these materials is
capable of withstanding temperatures of 320 degrees F and above., Samples of
these materials have been sent to Dayton, Ohio for rain erosion testing.
After the samples have been tested and a single material is selected, the process
of how to form the skins into the desired shape will need to be determined.

A good candidate for a high temperature core material is Ultem 1000.* This
material is a polyetherimide thermoplastic which retains adequate strength up
to 325 degrees F. The impact resistance of this core closely approximates that
of a polycarbonate core which makes it a logical choice. To further insure
that the core does not crush while impacting rain at supersonic speeds, a 1/16
inch cell size will be used. This cell size gives a core with density of about
9 pounds per cubic foot and should be of more than adequate stiffness to insure
that failure does not occur. Testing using a 1/16 inch cell polycarbonate
honeycomb has indicated that the rain erosion properties of this higher density

will need to be preformed to the desired shape before the radome can be assembled
together. Preliminary tests on the high density polycarbonate core, show that
preforming the core will not be a serious problem.

With a good choice of skin and core materials the final area of investigation
involves an adhesive. Several different high temperature elastomeric adhesives
are now under investigation. Some of these adhesives include silicones, ure-
thanes, fluorosilicones, flourohydrocarbon (Viton),5 and epoxies. Prelimin-
ary work indicates that silicones form too weak a bond to function adequately.
Urethanes do not retain adequate strength at elevated temperatures to be of
much use. Fluorosilicones hold promise but is has been difficult to locate
vendors. Fluorohydrocarbon (Viton)S has been used as a rain erosion coating
and appeared to be a likely candidate. However, the ratio of 20% adhesive to
80% solvent (Methyl-Ethyl-Ketone) attacked some of the thermoplastics. More
work in this area 1is needed including trying another, less active, solvent
base. Current work indicates that the high temperature epoxies hold the most
promise of working. The only drawback to an epoxy is that it is very brittle
and degrades quickly on impact. More work is being conducted in the epoxy area
including adding a softening agent to allow the epoxy to remain elastomeric
while retaining it's high temperature properties.

Then need to broadband high velocity radomes is driving the thermoplastic radome
technology into higher temperature ranges. The current broadband polycarbonate
radomes cannot fulfill the requirements at these elevated temperatures. There-
fore, Texas Instruments is continuing to investigate the use of higher temper-
ature thermoplastics, elastomeric adhesives, and the associated fabrication
processes necessary to fabricate these second generation thermoplastic radomes.
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Schmitt, G.F., Jr., "The Subsonic Rain Erosion Response of Composite and
Honeycomb Structures", SAMPE Journal, Sept/Oct 1979.
®lascore Inc., Zeeland, Michigan; Manufactures Polycarbonate Honeycomb.

Hartel Enterprises Inc., Pacoima, California; Produces HE 17017 Urethane
Adhesive.

Ultem is a tradename of General Electric.

Viton is a tradename of DuPont.
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Progress on Transparent Yttria
By
W. H. Rhodes and E. A. Trickett
GTE Laboratories
Waltham, MA 02254

AD-P004 370

INTRODUCTION

Lazb; - doped Y;0; is of interest for infrared applications because it is
one of the longest wavelength transmitting oxides. It is refractory with a
melting point of 2430°C and has a moderate expansion coefficient. The thermal
shock and erosion resistance is considered to be intermediate among the ox-

ides, but outstanding compared to non-oxide infrared materials.

A major consideration is the low emissivity of Yéo;‘which limits back-
ground radiation upon heating. This is illustrated in Figure 1 where the the-
oretical single crystal transmitfance curves for Al1,0, and Y,0, are shown to-
gether with the black body radiosity curve for 1500°K. The principle
contribution to ¥,0,'s emittance is the overlap of the radiosity curve and the
absorption curve (crosshatched area) which is significantly less than that for
R1,C; (slashed area under the curve). It is also known that the phonon edge
gradually moves to shorter wavelengths Aas a material is heated. This could
overlap the intended region of transmittance, say 3-5 um, for Al;o3 whereas

greater tolerance for heating is available with Y,0,.

La,0, doped Y,0, is fabricated by standard ceramic powder processing
methods. Near net shape sintering results in grinding and polishing savings
as well as economical material usage. ONR sponsored research, over the last
two years, has centered on improving the optical and mechanical pioperties

with the goal of achieving & viable infrared candidate material.
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FABRICATION

The detailed sintering mechanism has been eported.1 Briefly stated the

Wi, LY.l e

process involves co-precipitating a La,0, - Y,0, composition that has a high jx}g}?
temperature two phase field, but a wide single phase solid solution field be- ':{2-}i%
low approximately 2000°C. By sirtering in the two phase field, grain growth R ﬁ

1 N f
VR

[ AP
PR v
o B &

15 retarded due to the second phase because grain growth must occur by Ostwald

P

ripening which is an extremely slow process. Pores remain on the grain bound- Hkl:;’?
aries until they are eliminated by the normal diffusional processes operating ﬁi?i;;fg
in sintering. The material is subsequently annealed in the single phase cubaic El?}}'j
field to achicve the equiaxed microstructure shown in Figure 2. This ex- = .‘f
tremely low porosity structure represents an improvement over the material ;»:7l-§
possible in the last report(?). Discs 1 and 2 mm thick are shown in Figure 3. gi;:':j
A major improvement in pore reduction hes beei. achieved. Table I shows the ; f:} é
correlation between pore density and transmittance. One sample (75H) did not LL’“:fé
correlate which could be related to absorption phenomena such as impurities or ‘}z
slight deviations from stoichiometry. The goal of the research was to achieve S |
consistent results similar to 75NR or better. Table II shows total integrated a:?.. €
scatter measured at two wavelengths by the Naval Weapons Center. It iz inter- i
esting to note that the two samples have nearly equal values at 3.39 um, but a

factor of four difference at the shorter wavelength. This indicates that

pores are the major scattering source and that their diameter is close to 0.65

pm.
;3' TABLE I
- QUANTITATIVE PORE COUNT VERSUS TRANSMITTANCE
}‘ .
- SAMPLE NUMBER PORES/cm> TRANSHITTANCE, 2.5 pm (%)
.
— YL 75H 6.7 x 10° 79.9
o YL 75 NR 8.1 x 10° 83.0
- YL 72 (2)-JM 2.1 x 10* 82.0
s YL 74B 2.9 x 10% 81.0
"
& YL 72 2.4 x 10° 78.4
e
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TABLE II R

TOTAL INTEGRATED SCATTER 3

WAVELENGTH SAMPLE NO. 103E SAMPLE NO. 107C :;;“—.—::j

0.6471 1.12 £ 0.29 x 10-2 4.36 £ 3.00 x 10-2 i:;;;;ﬁ

3.39 5.99 + 2.83 x 107> 6.38 £ 2.17 x 10> i“"‘.}i;’i

OPTICAL PROPERTIES . e

Figure 4 shows FTIR curves for 1 and 2 mm thick samples. The shape of ?};iﬁgé

the transmittance curve and phonon edge are well illustrated. A low level of % _f?i:%

absorption is present at 3200 wavenumbers. This is thought to be due to OH ° - 1~;t%

trapped in the structure, a condition often encountered in oxides. Various :\:”g

processing techniques have been employed to reduce absorption. The absorption . " %

generally decreases at longer wavelengths until encountering the phonon edge. ' ) E

e

4 The transmittance of numerous samples was measured at the Naval Weapons ; o

; Laboratory employing a well calibrated Perkin Eimer 221 spectrophotometer. i,: ) E

2 Both the one and two sample methods have been employed where a refractive in- :?i:g: i

3! dex of 1.90 was assumed in calculating absorption by the one sample technique. i' ’ ® j

; (A recent measurement on La,0; doped Y,0, found the refractive index to be i

E 1.9699 at 546.1 nm). The two sample technique gives more accurate values and - ‘j

%’ it is possible to measure levels below 0.05 cm-l. Figure 5 shows the absorp- ] f_:;

3 tion curve for the current material along with data taken at the beginning of ‘!:

- the ONR program and comparative data on MgF, It is interesting to note that LT

- the intrinsic absorption curves for MgF, and La,0, - doped Y,0; are nearly ;;i‘ ~§

E; equivalent, and that the extrinsic data for improved yttria is significantly -f_\ k

L; lower than the state-of-the-art MgF, infrared material. '1';—3 %
q MECHANICAL PROPERTIES

. (2)

It was previously reported'”’that the 4-pt. bend strength could be as low

* -

as 117 MPa or as high as 202 MPa depending on microstructure. Within a given

y 1€ 3!
P
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microstructure, the strength variation was typically % 20%. A nearly constant
strength versus temperature (to 1600°C) relation was shown due to the refrac-
toriness and single phase nature of the material. Young's modulus was found

to be 164 GPa, and hardness 7.13 GN/m3/2.

In the last two years, mechanical property studies have centered on im- s

.o e At
~ K .
. 'R .
i
I LS
¢
o LR .3 £ «

proving fracture toughness. This is expected to have benefits in rain and
dust erv:ion resistance. Table III lists the range of fracture toughness val-
ues measured by the indentation technique. The principle variables are grain
size and phase content. This shows it is p sible to raise the single phase
coughness by 47% over the single crystal value by controlling microstructure.

t also shows that twu phase structures are significantly tougher with a high

of 105% improvement.

TABLE III
FRACTURE TOUGHNESS OF REPRESENTATIVE SAMPLES
PHASES GRAIN SIZE KIC
um O .
. e
1 single 0.88 {~{::g
WAL
1 135 1.02 e
1 68 1.23 e
“'.‘.\'_-.“
1 23 1.29 LT
o
2 8 1.45 T e
= SN
. 2 6 2.34 e
““ . 1:‘-».‘ K ‘\\_
M
" The presence of 2nd phase lowers optical transmittance due to birefrin- Q{bﬂ}:g
o s
® gent scattering. The loss in transmittance depends on second phase particle rn‘-.uf

(i udauvead £

size and volume percent. Studies are underway to show the interrelationship ;_:li;:
3 between transmittance and toughness as shown in figure 6. Some toughening is _u:}§§§
y achieved while retaining good optical properties. Beyond a certain threshold, = ,“EQ
T. the transmittance falls precipitously due to the retention of 2nd phase. This _‘“‘ﬁé
E‘ particular experiment addressed the concentration of 2nd phase, but not the i
{ grain size of that phase. Experiments are continuing in this area. oy
f‘\- }
e -0
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. CONCLUSIONS

L La,0; - doped Y,0, shows promise as an infrared material due to its' in-
trinsic physical properties. Polycrystalline discs and domes have been fabri-
cated by an economical sintering process. Improvements have been made in re-

- ducing absorption and scatter, and there is considerable promise for further

f'. progress. The fracture toughness has been improved for greater erosion resis-
= tance. Trade-off studies have shown that significant toughness improvement
nf“ can be achieved before seriously degrading optical transmittance.
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DEVELOPMENT OF A HIGH TEMPERATURE SINGLE
IMPACT RAIN EROSION TEST CAPABILITY

by
KENNE'H N. LETSON and STEVEN P. RISNER
US ARMY MISSILE LABORATORY
US ARMY MISSILE COMMAND

AD-P004 371

ABSTRACT
A single impact rain ere§1on test capability has been developed to obtain
data on fiber loaded Teflon . buroid® ablative radome materials at
temperatures up to their ab]at1ng temperature (~1250 F). This effort was
undertaken as a result of the prior inability to (1) cbtain experimental data
for single water droplet impacts on these materials at temperatures signifi-
cantly above 400 F at velocities near Mach 5, and (2) identify a solid particle v
whose behavior is similar to or can be correlated to that of water droplets at S 3
=]
K]

all conditions of interest. This test capability allows one to dispense a NS
stream of calibrated discrete water droplets in the path of aerodynamicalily = ”
heated samples on sleds at velocities up to 6000 ft/sec., Also, solid particles
placed on nets in the path of other identical samples on the same sled provide

craters at the same velocity and temperature for use in the search for a solid

whose erosive behavior can be correlated to that cof water droplets.

INTRGDUCTION e

To develop models for predicting the rain erosion behavior of the fiber —_
loaded Teflon ablative radome materials, experimental erosion data are needed Y
with respect to velocity, angle of incidence, temperature, and water droplet CER
size as well as fiber orientation for each ablator. Previous efforts in FY82 to N
obtain these data were made in Tunnel G at Arnold Engineering Cevelopment Center :
(AEDC) with some success (1). Results from the AEDC tests indicate that SR
mass loss ratio (mass of water impacted - mass of material removed) is indepen- —
dent of water droplet size for the Duroid materials. From these tests and from —~
multiple impact tests on Holloman sleds (2) it was learned, also, that the rain R
erosion behavior of these ablators is strongly dependent upon material
temperature, and that erosion appears to increase approximately one order of
magnitude from ambient temperature to the ablating tempirature. 1In the Tunnel G
tests, the high acceleration loads of the powder gun launch caused samples that
had been heated uniformly before launch to temperature above 400 F to be lost
from the sample holder. Thus, to get data on materials heated to temperatures
significantly above 400 F, other techniques were required.
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Another method for generating erosion data on heated samples is one which
involves firing solid particles at stationary samples heated by a radiant or

vy
20 e
.

T

.
A
s
.
-

other source. This method lacks validation because a solid particle that R
behaves like water droplets at all conditions of interest has not been iden- =?;;5%T§
tified. Thus the only currently available potential solutions involve obtaining ? sy
data on aerodynamically heated samples or validating a solid particle that can Gt T
be used in the laboratory to simulate water. To de the latter requires doing )

the former. The use of Holloman sleds to obtain these data was selected as the
Le<t means of accomplishing the objectives (3).

WATER DROPLET DISPENSER

De.ign, fabrication, and calibration of the water droplet dispenser were
performed by Holloman Test Track personnel to provide the single water droplet
environment sy2cifiad to meet MICOM test objectives. These objectives required
that three streams of 3 mm dia water droplets be dispensed at a rate that would
provide the maximum numher of impacts on the samples. After evaluating several
water droplet dispenser designs, a design was selected that involves vibrating
streams of water from one-eighth inch dia nozzles to break them into droplets of
3 mm dia at a rate of 100 drecps per sec. A single nozzle prototype was first
built and tested for feasibilty. It was found that a simple one-eighth inch dia
tube worked better than a converging nozzle. After the desired performance of
the prototype was demonstrated, a three tube design was fabricated and
calibrated. Calibration with the Knollenberg Probe indicated that water drop
size can be controlled such that 95% or more of the liquid water content is
contained in droplets from 2.8 to 3.2 mm dia with 90% confidence. The multiple
tube arrangement dispenses water droplets at a controiled rate that can provide
the sample nearest the dispenser with up to 12 droplet impacts. For the
development test, the dispenser tubes were mounted vertically in a plane 45 deg to
the sled rail and spaced so that the distance between centers of craters formed
from each stream of droplets was three-eighths in. Figure 1 is a view of the
dispenser in operation positioned over the track for the test.

TEST MODELS

Evaluation of the MICOM seven tip test vehicle with conical samples (4)
revealed the need for a larger sample size to accommodate the five-eighths in.
side-to-side motion of the sled. A flat sample shape was selected to simplify
evaluation of the craters. A flat sample measuring 5/16" X 2 1/4" X 3 1/4" was
designed to be mounted in two faces of a 60 deg wedge (Figure 2). The sample
holder overlaps the four edges of the sample and provides exposed sample
dimensions of 2" x 3". For the initial test, the test vehicle was oriented
(Figure 3) such that the water droplet streams (positioned above the sled rail)
would impact four flat samples (two wedges) and one split conical sample.
Figure 4 shows samples in the top wedge impacting the streams of water droplets
at a velocity of 4200 ft/sec. In addition, seven different types of solid
particles were mounted on nets in the path of seven of the eight remaining flat
samples. The eiahth sample impacted nothing and served as a control.
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An array of six soiid particles of each of the seven particle types was
suspended in front of the corresponding sample to be impacted. The seven
particle materials tested were nylon., teflon, butyrate, ceramic, acetate,
polyethylene, and polypropylene with each particle being 3 mm in diameter.

These particles were provided by General Research as part of their participation
in the effort to identify a solid particle whose ergcsive behavior can be corre-
lated to that of water droplets. The materials listed were selected from a
screening effort at General Research. The particles were suspended on a net of
#6-0 (924) surgical silk thread that was attached to a one in. thick circular
styrofoam frame as shown in Figure 5. The particles were bonded to the net with
a minimal amount of Eastman 910 adhesive. The combined mass of the thread and
adhesive contributing to crater damage was less than one percent of the solid
particle mass.
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TEST ARRANGEMENT AND CONDITIONS

The propulsion system used for the development test consisted of three NIKE
motors as shown in Figure 6. This combination was used to propel the sled to a
peak velocity of approximately 4200 ft/sec in ten seconds. The water droplet
dispenser and particle nets were positioned over the track where maximum velo-
city was expected. Aerodynamic heating of the Duroid samples produced surface
temperatures of about 1200 F. 7The calculated temperature gradient in the
samples near time of impact with the water droplets and solid particles is shown
in Figure 7 (5).
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DEVFLOPMENT TEST RESULTS

The development test was highly successful with respect to obtaining good
single impact data for both the water droplets and solid particles. Some of the
representative craters caused by these impacts are shown in Figure 8. Data
obtained from the craters as well as visual inspecticon revealed that the impact

2 Jm8 yeu ffegre san ) ™
ISR ] k) s €
LA 2 v ' v
. . .
Y J. . e . .

ﬁiﬁ behavior of the solid particles was unlike that of the water droplets for this

A set of test conditions. This is reflected primarily in the mass loss ratio

S‘ parameter and/or crater depth of Figure 8. The mean temperature of the material

d removed for all craters evaluated was approximately 1000 F.

- CONCLUSIONS

S

j’ The test capability developed in this effort provides an excellent means of

- obtaining single impact rain erosion data at elevated temperatures and veloci-

X ties near Mach 5. The water droplet dispenser performed very well and provided

. the desired environment for single water droplet impacts. As designed, the flat

a sample provided sufficient impact area for the water droplets and simplified

?e crater evaluation. The sample holders received little or no damage and may be

" used again. MWater droplet data from the development test confirm the AEDC and

. multiple impact sled results which indicate that rain erosion benavior is

g strongly dependent on material temperature, and that erosion (mass loss ratio)
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appears to increase approximately one order of magnitude from room temperature
to the ablating temperature. The particle nets provided a good way to suspend
and align the solid particles in the path of the test vehicle. By impacting
identical samples, the effects of the snlid particles can be directly compared
to that of water for each set of test conditions. However, more data are
required to determine if there exists a solid particle whose behavior is similar
to or can be correlated to that of water droplets for all conditions of
interest.
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CALCULATED TEMPERATURE, T
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Fig. 6 Temperature gradient of Duroid
samples at time of water droplet and
solid particle impacts
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INFRARED MATERIAL OPTICAL DAMAGE BY RAIN

Alain DEOM, George GAUFFRE, Daniel L. BALAGEAS
Office National d'Etudes et de Recherches Aérospatiales (ONERA)

Chatillon (France)
SUMMARY AD"POO4 372

A comprehensive study of the optical damage and erosion of various
infrared materials is conducted using a rotating arm. The optical damage is
characterized by the evolution of the sample modulation transfer function
(MTF). The velocity dependence for MTF deterioration is similar to that of
the mass loss: occurrence time of damages is inversely proportional to a
high-exponent power law of the velocity. For some materials like magnesium
fluoride (MgF,), 1he optical damage occurs in synchronism with the erosion.
Inversely, for others like zinc selenide (ZnSe), optical damage occurs very
early before the beginning of the erosion. Consequently, the screening of
candidate materials for irdome must be based on transmission tests, or better
on MFT tests, rather than on erosion tests.

INTRODUCTION

The possible rain damage of infrared materials used for irdomes
necessitates their evaluation by rain tests. Many characterizations of such
materials may be found in the litterature. They are performed by measuring
the mass loss of the materials, without determination of their optical
damages. As early as 1972, Hoff and Rieger [1] emphasized the interest of
optical measurements. They performed transmission measurements, mainly in the
visible and near infrared regions, up to 5 pm. More recently, Corney and
Pippett [2] presented transmission measurements at 10 ym concerning germanium
and zinc sulphide, materials usable in the 8-14 ym range. For evaluating the
optical damage of materials exposed to rain, ONERA chose to measure the
modulation transfer function (MTF) rather than the transmittance. A setup was
specially developed, which permits MTF measurements at various spectral
ranges ans spatial frequencies. This setup is used on the very place where
rain exposure is performed.

Comprehensive study of the resistance of the main infrared materials is
in progress. Here are presented some significant results obtained with
magnesium fluoride (MgFp) and zinc selenide (ZnSe) which demonstrate the
interest of the optical evaluation technique used.

RAIN SIMULATION TEST FACILITY

The rain exposure was achieved using the Saab-Scania rotating arm 1n
Linkdping (Sweden). A description of this facility may be tound 1n
references [3,4]. The sample holder technology used was developed previously
for the erosion study of slip-cast fused silica [4]. The samples are
cylinders 16 mm dia. and 6 to 10 mm thick. Impact angle may vary from 90°
(normal 1mpact) to 30°. Only normal impact data are presented here. The rain
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conditions in the Saab facility are the following: N ﬁ;}ﬁﬁﬁ
- drop diameter: 1.2, 1.6 and 2 mm; R

- water concentration ranging from 0.08 to 1.2 g m-3, depending on the St
number of injectors (1 to 6) and on the drop diameter. These concentrations ﬁt", 4
are relatively low. This is an advantage for the study of poor resistant “A
materials like infrared materials. In effect, stronger concentrations may 1
lead to very short exposure times conaucting to a poor precision. é
Like for slip-cast fused silica [5], it was verified that the damages - :r%

are prupertionnal to the water concentration. Consequently all the results O

are presented for a normalized time T which corresponds to a reference water {Ia?f o
concentration Co= 1 g m-3. This normalized time 1s given by the relation: -
t=tC/C,.

After each rain exposure, the sample is separated from the holder, -
weighed and optically quaiified with the optical setup.

.
PR
el Sl YRS

A

@

e oetal e

OPTICAL MEASUREMENT SETUP
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A schematic description of the optical measurement setup is given in .

Fig. 1. The infrared source is made of a SiC rod heated at 1000 K. A ZnSe ;?;{

lens L4 gives the magnified image of the source in the plane of the tested OIS
sample E. On the optical path, a rotating disk M holds eight series of slits S

of spatial periods ranging from 0.2 to 3 mm (spatial frequencies from 0.33 to .3

5mm-1). The lens Lp gives the image ( I'= i) of the pattern onto the HgCdTe NERRL R

50 ym x50 pm square detector which is cooled by liquid nitrogen. A series of - ° k
filters permits to vary the spectral range: 2-12 ym, 2-3 ym, 3.5-6 ym and LT
8-12 ym. The MTF is given by the evolution with the spatial frequency of the N
ratio of the signal amplitude delivered by the detector for a given spatial 3j:;3ix

frequency to the amplitude which would be obtained at a zero spatial SR

frequency. The optical damage of the sample is characterized by a variation R

or the sample MTF. The ratio of the MTF after exposure to the rain to the ‘“’; 3

initial MTF measures the optical contrast loss. The measurement setup is o 3

cortrolled by a microcomputer allowing immediate analysis of the damages and -:,,5
consequently the definition of the next exposure time. ;';-5

R

MATER AL DAMAGES o

The mass loss and MTF evolutions are observed all along the cumulative }_{;\iv

exposure . R

- P,

Material erosion T

The erosion study is classical. The mass loss is measured as a function :?-;%E%

of the rain exposure time (see Fig. 2a). The extrapolation for a zero mass Z-\‘Q
loss of the linear part of the curves permits to define the incubation time O
t,, characterizing, with the erosion rate, the intrinsical erosion resistance T
o% the material. The dependence of incubation time on the impact velocity for R

MgF2 15 given in Fig. 2. These results are in very good agreement with those T @ ]

o

R
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obtained by Hoof and Rieger [1]. A power law of the velocity, with a negative
high exponent is found: Tjes V-N, with n = 12.8. This exponent is always high
and much variable from one infrared material to another.

Optical damages

For a sample of a given material, the experimental conditions being
fixed, the evolution of the MTF may be studied with increasing exposure time
(Fig.3a). By comparing this MTF to the initial MTF, the optical contrast loss
characterizing the optical damage may be deduced (Fig. 3b).

By adding the results obtained with various samples of a same material
tested in the same conditions, but with different velocities, it is possible
to study the dependence of optical damages on velocity (Fig. 4). Let us
consider two critical ievels of contrast loss: 10 % and 50 %. It is possible
to relate them to normalized times Tg 1 and Tg.5 , and to study the
variations of these times with the 1mpact velocity (Fig. 4b). A power law of
the velocity is also obtained: tg 4 n,to 5 ~ V=N, The exponent n is dependent
on the nature of the material. For MgFo n = 12.8 and for ZnSe n = 10. For
other materials lower values are obtained.

The MTF is dependent on the spectrai range. In particular, it may be
noted that the damages in the 8-12 ym are generally weaker than for shorter
spectral lengths, a fact which was foreseeable. The influence of the spatial
frequency is variable with the tested materials and the advancement of the
damages. It can be observed in Fig. 4b that the optical contrast loss 1s more
severe for the higher spatial frequencies when the exposure times become
important. The influence of drop diameter is more complex and also dependent
on the material. Generally this influence is rather limited. It causes
variations by a factor + 2 upon the characteristic times.

The differences from one material to another, quantitatively noted in
the optical damages, are obvious when observing the impacted surfaces. For
MgF2 (Fig. 5a) linear cracks appear concerning depths of several millimeters.
These cracks are the cause of the mass loss and optical damages. For ZnSe,
before the occurrence of the first mass loss, circular superficial
microcracks are noted. Each individual impact may be located. An in-depth
modification of the material, revealed by an opalescence, may be detected by
a visual examination. This modification causes a decrease of the MTF.

Simultaneous analysis of the two types of damages

These different behaviors are well observed when a simultaneous analysis
of the mass loss and optical aamages is performed. In the Fig. 6, the optical
time tg, 1 is plotted versus the incubation time Tj. It appears that, for MgF
the two types of damages are synchronous, and that for ZnSe the optical
damages precede the mass loss. In the first case the optical damages are due
to the deterioration of the surface, in the second to an in-depth structural
modification.

In other respects the Fig. 6 reveals an interesting phenomenon: for a
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given material, the dependence of the two types of damages on velocity is the

same: ti~tp.1~tg.5~V-N. This is shown by the fact, verified by the other
infrared tested materials, that the curves are parallel to the first
bisectrix.

CONCLUSION

The few results presented here concerning MgFo and ZnSe are typical of
the whole data obtained with all infrared tested materials. First, they show
the necessity of measuring the evolution of the optical properties
preferentially to a simple mass loss measurement. Secondly, they demonstrate

the interest of a MTF measurement as compared to a transmittance measurement
(influence of the spatial frequency).

Concerning tne behavior of infrared materials, the following points have
to be noted: i) for a given material, the ruin phenomena (e1osion, optical
damages) are highly dependent on velocity, obeying the same power law with
the same high negative exponent; ii) the influence of drop diameter is
complex and weak for the explored range (1.2 to 2 millimeter); iii) the
shorter the spectral length and the higher the spatial frequency, the more
severe the optical damages.

The physical nature of the phenomena responsible of the optical damages
may vary from one material to another, due to either a superficial
deterioration, or an in-depth modification. Consequently, there is
synchronism or not between the two types of damages.
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Fig. 1 — Schematic view of the measurement setup for modulation
transfer function.
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various velocities.
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Fig. 5 — Comy 2red physical aspect of rain exposed surfaces of MgfF, and ZnSe (dror
diamete: : 2 mm , water concentration : 0,2 g m™® ; magnification : I'=4) :
a) MgF, exposed 2340 s at a velocity of 235 m s’
b) ZnSe exposed 20 s at a velocity of 207 m s’*.
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Fig. 6 — Comparison of the character:stic optical
time tg,; and the incubation time't, fcr the mate-
rials MgF, and ZnSe.
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RAIN EROSION TESTS OF FULL-SIZE
SLIP CAST FUSED SILICA RADOMES AT N3.5 AND N4.8

By
R. K. Frazer

Applied Physica Laboratory
Johns Hopkins University
Laurel, Maryland

-- ABSTRACT --

During the period 27 September to 12 October 1983 four
rocket sled tests were conducted at the Holloman AFB Test
Track. The purpose of the test series was to expose radoms
sanples made of slip cast fused silica (SCFS) to a controlled
artificial rain field at velocities between M3.5 and MS5.0 and
observe the resultant erosion patterns. Comparison of
boresight erroras made before and after the tests were to be
corrvlated to predictive theories. The first test employed a
steel test sample and served to verify the rocket motor and
sled hardware structural performance. (A similar check-out
run conducted in August 1983 resulted in a structural
failure.) The September 27th test was completed successfully
after achleving a pesak velocity of about 3380 fpa (M3.45).
The artifical rain field was not used during this test. The
three subsequent testa exposed separate SCFS =zamples to 1,000
feet, 4,000 feet and 6,000 feet of artificial rain at peak
velocitiea of 3870, 3780, and 5350 ft/a, reapectively, All
sanples showed measurable erosion but only the first two
sanples were successfully recovered. The last test itenm,
after enduring the entire €,000 feet of rain and an addi-
tional 12,000 feet of coaast-out, failed catastrophically.

A suitable explanation for the failure has not yet been made.

Erosion data from the test samples (including the liast
test sample after partial reconstruction) is discussed in the
full body of this paper. The erosion data are compared with
theories developed to predict wall thickness change vs.
axial station along the radome. Boresight error measurements
mrade before and after the tests that show the effects of the
obaserved erosion will be presented. Correlation of the
observed boresight errors with boresight errors calculated by
a ray-trace model using an average observed material loss

will be discussed.
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SEVENTEENTH SYMPOSIU ON ELECTROMAGNETIC WINDOWS
(ABSTRACT) -UNCLASSIFIED
"DUAL MODE COOLED METALLTC ANTENNA WINDOW DESIGN CONCEPT"

The design of a dual mode cooled metallic radar and infrared seeker
radome/window for endoatmospheric interceptors represents a unique solution
to the many technical problems which must be resolved for this high perfor-
mance homing vehicle. The severe environmental conditions which must be
accommodated include maneuvering hypersonic velocity flight in the mach 12
to 20 range, nuclear event exposure, dust and weather impacts and the plasma
field generated over the radome/window body. In addition, the homing
accuracies required for a non-nuclear kill vehicle for this range of
interceptor may very well dictate the requirement for a dual mode,
IR-discriminate early homing system combined with a terminal radar homing
system. This paper reviews the critical design parameters for a synergistic
cooled metallic radome/window and presents a conceptual design solution for

an all-endo class of homing interceptor.

Jdohn W. Hidahl

Thermal Management Projects
Systems Engineering

Aerojet TechSystems Company
P.0. Box 13222

Sacramento, California 95813
(916) 355-6724

E. L. Kessler

Program Manager

Thermal Protection Systems
Aerojet TechSystems Company
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Un radome pour les systimes de radara SSR pour le
contrdle de 1a navization aér{enns

Réd1gé par le personnel de 1l'Electronic Space
Systems Corporation (ESSCO), Old Power M{ll Road,
Concord, Massachusetts, Stats-Unis.

Une nouvelle génération de systéces d'interroga-
tion discrets i sono-impulsions s £té développée pour
des applicatfions de contrdle de la navigation aérieane
présentant des défis {=portants i la conception et aux
performances globales du systéme. Le fonctionnement
fiadble du systéze d'antenne est essentiel étant donnée
1a congestion croissante de la navigation aéricnne
aujourd'hui. Un composant important du systdzme global
est un radcoe protégeant l'antenne de 1'eavironneaent
et peroettant des performances &lectro-zagnétiques
hosogdnes et flables. Les différents types de radoaes
ezployés au fil des ans pour protéger les antennes sont
discucés et &valués on fonction de 1'application du
radar au contrdle de la navigation aérienne. Le radome
sandwich a ét€ choist comme la =eflleure option, et
une analyse détaillée de sa conception est présentée.
Elle prend en considération les czractéristiques
vitales de capacité de transaission, d’erreur de portée
optique et de perturbations du lobe secondaire. Ces
caractéristiques dofvent &tre prat{ .uement négligeables
pour permettre une performance précise et fiable de
1'antenne de radar, comme {llustré, par exemple, par
les transmissions de rzdome égales ou supérieures 3
97%. Les résultats de 1l'analyse et les données
expérimentales montrent que des transmissions dépassant
97X sont possibles avec des effets minisuas sur les
niveaux des lobes secondaires des anternes et la
précisfon de la poursuite.
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*A Radome For Air Traffic Control SSR Radar Systems™

Written By: The Staffs of:

Electronic Space Systems Corporation
(£SSCO)

0ld Powder Hill Road

Concord, Massachusetts, USA 01742

£SSCO Collins Limited
Kilkishen, Co. Clare, Ireland

A new generation of monopulse and discrete interroga-
tion systems has evolved for 2ir traffic control appli-
cations that presents significant challenges to totzl
system design and performance. Reliable operation of
the antenna system is essential in toqay‘s ever n-
creasing air traffic congestion. An important compon-
ent of the total system is a radome to protect the
antenna from the environment and to enable consistent,
reliable electromagnetic performance. The various
types of radomes that have been'a:'-p\oyed over the
years to protect antennas are discussed and eva_luaged
relative to the air traffic control radar application.
The sandwich radome is selected as the best option and
a detailed design analysis is presented which considers
the vital characteristics of transmissivity, boresight
error, and sidelobe perturbations,~These characteris-
tics must be practically negligibl‘gfor accurate and
dependable radar antenna performanceMas 1iiustrated,
for example, by the requirement for radome transais-
sivities of 97% or greater. Results of the ana!ys:s
and experimental dzta show that transmissivity in ex-
cess of 97% is achievable 2long with mnina} effects
to both antenna sidelobe levels and tracking accuracy.
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1. INTROOUCTION

Many types of antennas have been covered by various ra-
dome designs over the past 30 years, The optimum ra-
dome extends operational capability to all environmen-
tal conditions, while providing minimal electromagnetic
degradation, The critical performance criteria for
each application varies considerably, requiring a ra-
dome design that {s appropriate for each particular an-
tenna system. No single radome design can fulfill all
the requirements for every antenna type. The system
designer must evaluate critical requirements of the an-
tenna and select a radome design that closely matches
those requirements. The modern secondary surveillance
radar (SSR) antenna operates over a narrow frequency
band, must have low sidelobe levels and must track ac-
curately. The optimum radome to protect an SSR antenns
must, therefore, have high transmissivity, 97% or great-
er, contribute very littie to sidelobe levels and pro-
duce regligible boresight shift,

Consideration of varjous radome designs for SSR appli-
cations include seve,2] alternatives. The metal space
frame radome 1s an excellient broad band design that {s
utilized for many applications ranging from less than

1 GHz to over 300 Gilz and e...iftits about .5 d8 frame
dlockage over the droad frequency spectrum, The diel-
ectric space frame radome performs best under 1 GHz
where {t exhibits less than .5 dB frame blockage and
scatters moderately, The air supported radome §s 2
reasonable match to the SSR application, but s depen-
dent on a source of electrical power for inflation sup-
port. The solid laminate radome is electromagnetically
sufficient but can unly be produced in relatively small,
discrete sizes because of structural loading considera-
tions. A properly designed sandwich radome will exhib-
it high transmissivity over a selected frequency band
and a low scatter characteristit., 1t can be construc-
ted of Individual panels over a range of sizes to meet
structural requirements, [t {s the best choice for the
modern SSR air traffic control antenna spplication.

The following analysis covers the important electromag-
netic characteristics of transmissivity, boresight er-
ror and sidelobe perturbations for the ESSCO sandwich
radome design. Other considerations such as nofse tem-
perature and performance under various forms of precipi-
tation have been addressed and found to have minimal
impact on antenna operation,

I1. DESIGHI CONSIOERAT[ONS

Sandwich radomes are generally classified as type "A°,
“8%, and “C”. The "A” sandwich radome consists of two
high-density, high-strength thin skins separated by a
low-density, low-strength core. The distance between
skins is normally a quarter-wavelength or odd multiples
thereof {n order to achieve the phase reversal neces-
sary for cancellation of any skin reflections, and
thereby minimize the power-reflection coefficient. The
harmonic passbands then resulting can be useful in mul-
tiband applications. Reflection from a well desfgned
sandwich wall, however, does not vary critically with
the cnre thickness. Thus the production tolerance
levels are practical and the radome can exhibit excel-
lent performance over reasonable frequency passbands.

[t should be noted that all sandwich radome construc-
tions can be considered as special versions of the more
general case of mylti-layer laminate wall configura-
tions. In the amal»sis to follow, formulations are
given for the general case with which the electromag-
netic performance requirements of all types of sandwich
designs can be predicted. Although ESSCO has designed
all types of sandwich radomes, by far the most popular
is the ESSCO “A" type sandwich construction, This ap-
groach {s chosen and analyzéd because of the following
actors:

1. The high-density outer skins provide s protective
surface.

2. The strength to weight ratio is desiradle.

3. The manufacturing tolerances on both laminate skin

and core thicknesses are moderate,

4, The electromanneiic performance exhibits smaller
10sses over prescribed frequency passbands,

5. It is cost cffective,

The design of tac sandwich radome represents 2 balanced
engineering apnroach derived from consideration of the
structural and electromagnetic requirements of the ap-
plication, [deally, the radome would withstand the most
severe environmental conditions encountered at the site
and be essentially clectromagnetically transparent at
the specified onerating frequency band so as to allow
near perfect utilization of the enclosed antenna system,
These capabilitics are the goals of the design,

from a structural noint of view, wind loading is the
dominant criterfa vsed to calculate shell or membrane
stresses. These resultant stresses, in combination
with ice and sno- loads, are considered when calculat-
ing buckling pressure, For these determinations, the
radome is modelnd as a continuous, homogeneous shell
with an effective modulus and thickness defined by the
actual laminate and core used for the sandwich., The
objectives are to obtain significant factors of safety
for membrane tensile strength and stability, given the
loading criterta,

In reality, the radonc 1$ not a continuous shell but {s
censtiuc*cd from fndividual panels, The goal of the
designer fs to detemine a method of panel interconnec-
tion that will transfer loads across the panel-to-panel
{nterface so that continuous shell integrity fs pre-
served. Herein lies one of the major compromises of
sandwich radome design. The interconnection must not
only provide a Jirect and stiff load path but must also
maximize electromagnetic transmission effictency. In
addition, the interconncction technique must be config-
ured so that it can be efficiently implemented during
panel fabrication and util{zed without complfcations
during radome asscubly,

111, GENERAL ELECTROMAGNETIC ANALYSIS

The electromagnetic design of a sandwich radome is de-
pendent on the sfze and configuration of the enclosed
antenna system and the operating frequency. The physi-
cal sfze of the radome will determine the minimum thick-
ness which can be used for the radome wall to fnsure
adequate structural strength. Szndwich radomes may be
designed with varfous core and skin thicknesses so that
structural requirements are met,

The basic electromagnetic characteristics of the sand-
wich radome arc: transmissivity, boresight error and
antenna sidelobe perturbations. Hethods which are used
to compute these characteristics are presented along
with the results for a typical radome/SSR antenna con-
figuration,

1)  TRANSMISSIVITY

The transmissiviiy through the radome depends not only
upon the construction of the radome wall but also upon
the antenna 100k anjle, the field distribution over the
antenns aperture, the location of the antenna inside
the radome and tae radome/antenna size ratfo, Using
ray-tracing methods, the transmissivity of the radome
can be determined by summing the losses from all rays
which have different weight functions and look angles.
The basic method for computing the transmissivity of
the radome {s as follows:

L' =10 ‘Ogulfa"
n
T 7T
nn
T, . n=l
L f
n=}

where L' s transnission loss of the antenna due to the
radome (in dB)

n
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Ta = field transaission coefficient of tue an-
tenna due to the radome

N = number of the rays cozdined as the antenna
radiated field

fn = weighting function for the n“l ray

h

Typical weighting funcifon fn for the n ray can be

written as:
» - - 1yp2
f H a(xn 0 ) /

-]
L]

f1lumination factor for antenna anerture
.75 for 12 d3 taper

the position of the radiating clesent in
the antenna aperture for the ntd ray

the displacesent of the antenna on the x
coordinate

L
"

o
]

sing ./xo * Y, *

u

tan™ (xollyo') -

<
(]

Xy . the position of the anteana in the x‘«y’
radoce coordinate

¢ = antenna look angle
As shown in Figure 1, the transaission coefficient Tn

for the nth ray is the function of the fncident angle
40 of the ath ray and its polarization, and is:

T, » 1,08, p)

3 2
= = 2

o> tan (xnI/R + X, )

R = the radius of the radome

p = horizontal/vertical polarization

=20 +r+d -
anerxr

-

= the radfus of the effective antenna aper-
ture m

and using the transmission-line theory''’, the trans-

afssion coefficient, T(eo.p) for H homogeneous, air-

backed layers is ziven by:

X
n'z.f“oc”e"n)tn N l*rn
T = ¢ (14R) x b— X 3
nel Iol'ne nn
m
¥,y .
where R o« oin
YoYin

m \-l‘ne nn

Yin T TmoERE, G Ml
n

T - ———(—. M n= ],2.3---..‘-1

yH-yO =
N yufyo

y = /s::cosen for perpendicular polarizatfon

- /q/cosen for parallel
n = 1,2,3---,H
cosen - /i-sinzeolcn H n=1,23,---,N

6. = Incident angle

A e T A A TS T T A e AT T AR IR N T R AT A SR A LT v AN

- h
€, = €' -Jc=_  the complex permittivity of the nt
n o0 Jayer

e =1

xf -
X = X Jecosh = /e cos8 ; f = operating
o"n n 53 "n n frequency

. GHz
t = thickaess of the ath iayer {inches) (GHz)

The absorded pover P, in lossy dielectric layers is,
therefore, aiven by:

P, = 1-ITI%-2)?

Using the above, the transmissivity of a homogeneous
radoce w311 can be determined. However, large radomes

oust be fabricated using a panelized method of assembly.

This will introduce discentinuities (panel interconnec-
tions) in tie asseabled radoce which must be considered
in order to Jeteraine the tot2l loss of the radome.
The approach used is as follows:

(2)
Lt =L, ¢ l'.i
l‘t = total transmission loss of the sandwich radome
in d8
L= transaission 10ss due to the sandwich wall
Lj = transaission loss due to the sandwich radome
panel interconnections
= 10 log |1 + pleRl’
The term Lj =3y, depending on the choice of the
panei inlcrconnection configuration, be deter-
=ined by:

40y, 2
=z - -‘~
LJ 10 log|l ps(l j¢ N

where T = ratio of the transmission coefficient of the panel
interconnections to that of the sandwich panel

and 48 = the insertfon phase difference between
the sandwich panel and {ts interconnections

= physfcal blockage of the interconnecting
mechanism

IFR = the value of induced field ratio of the
nanel interconnection configuration
The physical blockage (ps) is obtained by projecting

the antenna aperture 0.:.t0 the radome surface and compu-
ting the blockace due to the presence of the panel in-
terconnections.

Ps

Richmond's method(s'”represents the fields inside a
dielectric cylinder by the equivalent current which de-
fines the cylinder's induced field ratio (IFR). Based
on this method, a computer program was developed by
ESSCO for evaluating the IFR of a dielectric cylinder
of arbitrary cross section, all angles of incidence aad
for parallel and perpendicular polarization.
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A spherica’ homogenecus sandwich radome will not intro-
tuce any tovesight error if the enclosed antenna axis
s coincident with the center of the radcme. In large
radomes which use 3 panelized method of assemvly, some
toresight error may be wrtroduced by the panel cdge
configuration located in the aperture area of .ie an-
tenne. The method (3) of computing this error is as
follows _—

0.27x v I (IFRAVE')

8SE = R
A = waveleagth
L = length of panel interconnecticn
¥ = width of panel interconnection
A = radfus of antenna
] -
’n‘lFRave.) = imacinary part of the IFRave

The phase perturbation thus introduced can influence
the boresight error. Therefore, the average imaginary
part of the IFR at the operating “-eocuency s used {in
the above formulation.

(3) SIOELOBE FERTURBATIGHNS

The antenna sidelobe perturbations due to the radome

are related to the amount of energy reflected and/or

scattered by the radome. The energy absorbed by the

radome wall will not affect antenna sidelobe levels.

As the reflected energy is essentially omnidirection-
ally scattered, its level will be below the isotropic
ievel and can be computed by:

d8i = 20 log’® }

The maximum possible perturbation to a sidelobe can be
determined by the following:

VR + VR
Maximum Perturbation = 20 logto " — 2
1

VR! = voltage ratio of the antenna sidelobe

VR? = voltage ratio of the refiected and/or scattered
energy in the direction of the perturbed sidelobe

It should be noted that for the maximum perturbation to
occur, the sidelobe energy and the scattered emergy
must be additive or in phase. This condition does not
occur frequently. The interaction between the sidelobe
energy and the radome scattered energy is random in
nature; therefore, more realistic predictions of side-
lobe perturbati.ns are generally significantly, smaller
than the maximum perturbation given in the above for-
mulation and approximate an RMS value.

Iv. RADIATION PATTERN ANALYSIS

Presented thus far, analytical approaches have been ap-
plied for computing the effect of the radome on the
primary characteristics of the enclosed antenna., These
methods represent a general approach when specified
data on the enclosed antenna subsystem is not available.
However, if the anteina near-field electromagnetic data
and physical configuratior of the antenna/radome com-
bination are known, a more rigorous analysis can be
performed. The objective of this type of analysis is
to determine the far-fiel¢ antenna pattern, with and
without the radone. This integrated approach focuses
the designer on the antenna and radome as a combined
unit or subsystem and provides insight into the inter-
relatea characteristics of each. Generally, because
this method of analysis {s more rigorous than the meth-
odology presented above, slightly small.. e“fects of
the rademe will result, the mathematica« apprcach
utilized by ESSCO and solved by one of our major compu-
ter programs is briefly presented below:

1) FORMULATION

The perturbed far-field of the antenna due to discon-
tinufties introduced into the otherwise homogeneous

sandwich radome by tie rarcel interconnections can be
defined as the sugerposition of the unperturbed far-
field of the ant2ana and the scattered field of the
panel interconnections. in addition, the transmissivi-
ty can be decar nned by the ratio of the unperturbed
far-field to ..e paerturbed far-field in the direction
of maximum aatenma gafn. Mathematically, this can be
expressed as:

F'(¢,8) = perturbed far-field due to
panel 1nterconnections

M
H
- F(s0) o T g1 6lD)
nx}
and transmission loss = L

s
= 20 loeyo[F'(0=0, e’emax)

JF(6=0, o-emax)] (d8)

where F(6,8) = unperturbed far-field of the
antenna

" If(x.y)exp[jk(y sfng + x
cos0s1nd) + (x,y)Jdxdy
6,0 = azimuth and elevation angles
Eespectxvely shown in Figure

f(x,y) 3 v(x,y) = amplitude and phase distri-
bution of the near field of
the antenna

S = the area of the antennd

max = elevation angle of the an-
tenna main beam

K = propagation constant of el-
ectromagnetic wave

= 2nf ; f = operating fre-
11.8 quency (GHZ)

M = pumber of the panel inter-
connections

g, = IfR (induced field ratio) of
ath panel interconnection

H in?
gllcos 6n + glfln 6n

Primary
Antenna ,Flange Strip “ Far Field

TR e

Figure 2 - The Coordinates Of The Far Field
Of The Antenna

. fR for electrical field parailel and per-
g'l'ql ) éendicular to tne panel {interconnection

[ ; orfentation angle of nth'oane} interconnec-
n tion to the electrical field

th
{t) = avecage near field impinging onto the n

o panel {nterconnection

h
rad‘ﬁtion pattern of the nt panel intercon-
nection

sinA sinB , )
- un:n{ A LY i"““'pff“fé <|nn'x" cos0cins) )
n n
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W« width of ath panel {nterconnection
L = leagth of ath panel f{nterconnection
- L/cos&n
K o
Ay sine‘sin(o'-sn)

Xt
g8 = -72 sine‘cos(0'~6n)

= position of the n"‘

anel {nterconnection
n oo center P

cos8' = cosfcosd
sing' = (sin?e + costasinty) W
sind' = cosBsind/sing’

cosd' = sin6/sind’

The required inputs+for the ESSCO computer proéram
which solves the above.formulation are as follows:

System operating frequeacy

Antenna aperture dimensions

Antenna positioning data with respect to the radome
Antenna near-field electromagnetic data, fncluding
the amplitude and phase distribution

Appropriate physical characteristics of the radome
configuration

Both methods of analysis described above may be util-
ized; namely (1) whon the antenna electromagnetic data
is unknown, and (2) when that data is available, The
comparison of the results of both methods indicate ex-
cellent agreement, with the smaller effects of the ra-
dome determined from the more rigorous approach. Tests
on full-scale sections of the radome wall and panel in-
tﬁrconnections have verified these analytical tech-
niques.

v. PERFORHANCE RESULTS

The electromagnetic performance of a typical SSR anten-
na when enclosed by a 35 foot diameter ESSCO sandwich
radome is presentes below &s determined through use of
the previous analysis methods. The SSR antenna (26,2
feet x 5.5 fret) §2 situated at the radome center and
operates at 1,03 - 1,99 GHz.  The antenna/radome con-
figuration 1s shown in Figure 3 and the antenna para-
meters are given in Table 1.

1) GENERAL ANALYSIS RESULTS

A) TRANSMISSION LOSS

The total transmission loss of the assembled radome is
the sum af the radome wall loss and the panel intercon-
nection loss. Using the formulations gives the trans-
mission loss of tae radone wall as 0.030 dB8 at 1.03
GHz and 0.033 dB at 1.09 GHz.

The physfical blockage of the panel interconnsctions
(ps) is obtained by projecting the antenna aperture

(26.2 feet x 5.5 feet) onto the radome surface. This
was found to be 3.19% using the configuration shown in
Figure 3.

Tabulated below is the [FR for the panel finterconnec-
tion configuration for both parallel and perpendicular
polarizations and the resultant transmission loss
(T.L.) at 1.03 GHz and 1.09 GHz.

Frequency 1F2 IfR
Ghz 1 1 T.L. (dB)
1.03 -.143-J.58 -.010-5.168 .049
1.09 -.169-5.62 -.014-4.,3,2 047

SV TSN AT T W T LR ALY A A T e P T e P Y e B AR NE R MY R T AL R AL R L WP U R LW AR RN R LM N AN A A AR G I QY

ST

|
W17

Ofelectric Loss

[ 03" (.25“ Constant Tangent
S S . 14.66 .0116
2 . .g*y 1.05 0006
) ——.06 4.6 0116
L T B
L p.50

FIGURE 3 - TYPICAL SECTION C-C OF INTERCOHHECTIONS
TABLE 1 - ANTENNA DESCRIPTION ANO PARAMETERS

Trarsmit Frequency 1,03 GHz
Receive Frequency 1,09 GHz

Face Tilt 15 dearees up
Number Elements Azimuth 32

Number Elements Elevation 11

Spacing 8etweaen Elewents Azimuth 10,125 inches

Spacing Betwaan Elenents Elevation 6.545 inches

Element Type Vertically polarized
dipole over ground
plane

Combining the loss from the homogeneous wall and the

associated panel interconnections results in the total

loss tabulated below:

Frequency (GHz Transmission 10ss (d8)
1.03 .070
1.09 .080
b) BORESIGHT ERROR

The computed Pcak and RHS value of boresight error in
the azimuth plane due to the panel interconnections :s
as follows:

Frequency Boresight Ervor RIS Boresight Error
(GHz) {milliradian) (milliradian)
1.03 .064 .026
1.09 .064 .026

c) SIDELOBE PEATURBATION

The antenna sidelobe perturbations due to the redome
are related to the amount of energy reflected and/or
scattered by the radome, As noted above, the total
transmission loss of the radome is 0.070 d8 at 1,03 GHz
and 0,080 dB at 1.09 GHz. The reflected energy is
0.060 d8 and 0.979 dB respectively after subtracting
0.010 d8 of enerqy that fs absorbed in the radome wall.
It this energy is omnidirectionally scattered, then its
level will be about 13 dB below the isotropic level.

For the SSR antenna with a gain of 25 d8, the following
me«imum and RMS antenna sidelobe perturbations were
computed:

Frequency Mix. A Max. A RMS A RMS A
(GHz) 8 -25 d8 @ -30 48 @ -25 d8 @ -30 d8
1.03 0.96 1.64 0.38 0.66
1.09 1.03 1.76 0.41 0.70

2) RADIATION PAITERN ANAL (21> nEJulTs

As the near-field electromagnetic data of the SSR an-
tenna was available, 8 mure rigorcus analysis of wne
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far-field antenna pattern, with and without the radome a ° 39 034e232992 34 «169739609 S
was performed, 4 *2 33 9223419711 35 2648833341 " e
. v 27 6643983377 37 13256908081 :
The data for the SR antennd is shown in Tables 2 4 94 41 1933969638 40 50114690368 ! ,._. <
through 4, Additional dat2 fs obtained from the anten- : ro° 3;9833222;;335 5":33?33;3;3’ RO g,
na/radome configuration shown n Fijure 3 and the com- 4 10 2 42 6870633966 42 9141397202 V. oo ﬁ
putation of the | 'R of tne panel interconnections. . 10 4 09 4392319908 36 338494362t oo 7
A 4 10 & 36 2332630833 36 2004379621 - 3
9 = 4 above horizon 4 toe 33 049392780 33 19827768086 - ]
max 4 13 33 0I7¢R77320 J3 00343843571 “ 2
4 1.2 33 7143238339 33 6396306134 by
f = 1,06 GHz (mid band} . TR 37 3749010268 37 2278309390 - %
4 = tt-e- 40- 3182900006 — <0 1929607190 e, ]
gll = -.156-§.172 ‘ s 47 0174036273 <6 0408603299 L el
4 12 40 9066846530 73 3037226328 :
gf = -.612-§.172 M 12 2 44 1940393179 43 4248249273

f o = fron Tables 2 through 3
n-'n The computed data derived from the more rigorous pattern
analysfs shows that the transmission 1oss due to che
panel fnterconnections is 0.025 d8 at 1.06 GHz which 15
less than the 0.049 and V.047 dB values {1.03 and 1.09

TABLE ? - TRANSMIT & RECEIVE ELEVATION DISTRIBUTION
TOP ELEMENT IS NO, 1

NO. POWER AMP PHASE dB GHz) arrived at by using the general analysis approach.

- The total radome loss is 0.057 dB obtained by adding

1 5.6661 2.3804 -67.3 -12.47 the radome wall loss of 0.032 d8 to the panel intercon- -
2 5.6975 2 °869 -113.3 »12.44 nection loss of 0.025 d8. Using the general analysis i o
3 5.3184 2.3062 -141.7 -12.74 method, the total loss was ~0.075 d8. . Rt
4 8.3500 2.8896 162.1 -10.78 - DA
5 1.9196 1.3855 155.0 -17.%7 Comparing the unperturbed data with the perturbed data Soa ’.“";j
6 20.7151 4.5514 42.0 -6.84 shows that the maximum sidelobe and boresight error !
7 22.65N 4.7599 56.6 -6.45 changes are also somewhat less than the changes calcu- ¥
8 8.2180 2.8667 .5 -10,.85 lated by th~ general analysis method, "

9 9.2005 3.0332 -25.5 -10.36 .

10 6.6639 2.5815 -75.4 -11.76 vI. CONCLUSION

1 5.5940 2.3652 -110.0 -12.52
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TABLE 3 - TRANSHMI1 a RECEIVE AZIMUTH SUM DISTRIBUTION

ELEMENTS 1 to 32

(1) = .o0102
.0224
.0414
L0512
.0444
.0281
.0108

.0108 L0114
.0261 .0301

L0444 047
.0512 0505
L0414 .0379
.0224 .0184
0102

.0146 .0184
.0341 .0379
L0492 .0505
L0492 04N
.0341 .0301
.0146 L0114

The resultant data are ccentained in Table 4,

RADIAT{ON AMCLE

ELEVA ALl
(CCONEES)
4 o
4 2
4 .
4 s
4 [}
4 t
4 t.2
4 1,4
4 1.4
4 1a
4 2
4 22
] 2.4
4 24
4 28
4 3
‘ 22
4 J 4
4 J s
4 20
4 4
4 42
4 4
4 4“4
4 a9
4 3
4 32
4 34
4 3
4 3 e
4 3
4 42
4 44
4 'y

-~
~
L

L Y S
BOBEDR NN
LR WY .y an

RELATIVE POMER TO SEAM PEAX

WPERTURBED

(od)

762630773

1 343843377v
2.1331104%47

3. 1419463714

4 2421830629

3 77744610028

7 AT7AT1397Y

18, 18408823713
27 4242103634
20, 847
4C 4477943019
42 2637383324
33 2144037434
33 0323377240
34, 731083V
41 4223182310
&1 0834393202
43 7303091337
B Kaauat el
33, 7220911437
J3 0022747401t
33 Jigse72311
J7 4343014711
41 4784762133
32 1134000313
48 6307744084
40 337010003¢
37 1347400180

39 4943174792
I3 0006279233

33 3000137239
37 0968034212
40 2991134343
47 2294003338
37 1384910402
43 1344047794
I8 3787423704
J6 2620220443
33 1874240448

PERTURSED

0232273441
1074920878
3607931138
7883331601
1 387583732

2, 1790171371

2. 1439082402
4 3862044711
3. 8013463980
7 3019136378
v 3094334073
11 0977434
14 7325902114
19. 2126393073
22 433913641
26. 9693573347
40 74041%6147
42 3331321242
23, 9168375143
33, 0821833373
34. 6370047399
41 83723v42170
43, 3061373430
42, 1414910211
37, 6379074974
33. 2720492404
34 4710011130
3¢ 046233437
36 4171031317
3% 4131820141
46 2718143010
34 1393348073
43 3194203130
39 2044092093

37 272Q74720¢
34 72762345397

7. 3340138846
3% 2441313100
43 4044405344
33 31418826837
47 441093489%¢
40, 4432492196
37 04N
33 2383001398
34 4034742211

It can be seen that overall system applicetion and per-
fornance requirements must be evaluated when consider-
“ing alternative radome types. The capabitities to for-
mulate, analyze and interpret the interactions of the
system components must be utilized to optimize radome
design. These capabilities, together with expertise
in materials selection and manufacturing techniques,
provide the opportunity to supply a radome which will
enhance overall system performance. Modern radars,
including state-of-the-art SSR's, demand an equally
sophisticated radome. This type of radome is now
available, and its performance can be readily and
thoroughly evaluated.
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DEVELOPMENT OF THE F-20 NOSE RADOME

E. L. Cain & P. Tulyathan AD_POO4 374 ___,_.

INTRODUCTION

Northrop's newest fighter aircraft, the F-20 Tigershark, is
based on the successful aerodynamic design and size of the
F-5 Tiger II aircraft, It has a single engine providing 80
percent more thrust than that of the twin-engine Tiger II,
digital avionics, and a newly designed AN/APG-67(V) X-band
radar. This coherent pulse-doppler radar provides both
look~-up and look~down target detection and tracking.
Successful operation of this radar necessitated an
antenna/radome system which provides low RMS side-lobe levels
to minimize false alarm rate in the look-down mode, and high
antenna gain/low radome loss to maximize radar range. These
system requirements prompted a redesign of the F-5 "Shark
Shape" nose section which had been aerodynamically configured
to improve the post-stall handling qualities of the Tiger II
aircraft. The design change included (1) provisions for a
larger radar antenna, (2) a "clean" radome, i.e., no
pitot-static probe, air lines or heater wires, and (3) a
blunted radome shape, designed to preserve aerodynamic
handling qualities and provide the required electrical
characteristics,. Provisions for the increased radar antenna
size were attained by moving the radome-to-aircraft
attachment ring seven inches aft to a larger cross-sectional
area. The F-20 radar antenna is an elliptically shaped
(vertically polarized) flat-plate slotted array 21.4 inches
by 14.4 inches (242 square inches); the Tiger II's shark nose
antenna is 18.9 inches by 11.3 inches (168 square inches).
The F-20 radome has an approximately elliptical cross-section
attachment ring of 29 inches by 20 inches and a length of 45
inches. The shark nose base is 26 inches by 18 inches and
its length is 49 inches. Figure 1 compares the F-20 radome
geometry with its predecessor, the shark nose. To assure
that the F-20 radome would meet or exceed eleztrical
requirer.cnts, it was agreed early in the program to develop
two identical radomes of different. materials. The chosen
materials were E-glass and quartz, and the common resin was
polyester, This paper describes the shape studies and the
testing effort expended to achieve a successful design for
full electrical qualification.
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RADOME SHAPE STUDIES

2 fed Al

Shape studies involved a close interaction between R,
aerodynamic and radar requirements. BAerodynamic shaping of R
the forebody required a high (longitudinal) fineness ratio 9
for low drag and a flattened (elliptical) cross section for RS
directional stability at high angles of attack. A high e
fineness ratio increases the angle of incidence (defined .
below) for the radar signal and decreases transmissivity B
through the radome wall. A flattened cross section produces )
small radii of curvature in the forward section of the radome
and flat top/bottom areas in the midsecticn. The small
radius of curvature diffracts main beam energy, broadens the
main beam and increases first and second side lobe levels.,

The flat top/bottom areas reflect the main beam energy and
increase image lobes.
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Several aerodynamic configurations to satisfy these two
extreme requirements were chosen for investigation. Each
shape was tested in the wind tunnel, and computer studies
were performed to predict the range of incidence angles which
could be expected. Figure 2 shows the mathematical
representation of the F-20 radome. The radome shell was
modelled by an analytic surface which was constructed from a
series of parametric cubic (PC) patches[l]. Each PC-patch is
bounded by four edges, and every point on the patch is
defined by the (x,y,2z) coordinates which are functions of two
parameters (u,v) for each patch. These parameters are
constrained for convenience to vary in value from 0 to 1 and
so the entire patch is defined. This parametric
representation of a patch can be considered as an extension
to three dimensions of the parametric cubic spline approach
to fitting two-dimensional curves. The incidence angle was
obtained by finding the angles made from parallel rays
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‘i emanating from a set of points on the antenna surface and the

Ef surface-normal at the intersection point. These incident

. angles were averaged with a weighting function representing

!g‘ the current distribution of the antenna.

}; Figure 3a compares cross-sections for the desirable

i aerodynamic shark nose radome and the F-20 radome which has

3 been optimized for the coherent radar. Figure 3b shows the

- average incidence angles for these radomes. The elevation Y
R angles were used for the abscissa since it is in this plane OACERRRY:
NS that reflection lobes affect radar look-down capability. %3ﬁ;?§
o Identical effective radiating aperture, power distribution, ;.ﬁjiﬁ
" @ and scan angles were used to represent the antenna. However, o
I - the gimbal (antenna face) was located 4.68 inches farther Tff??Q
Q:: forward for the shark nose radome; this reflects actual SN
- antenna locations for the two radomes. As shown in Figure o
L~ 3b, the F-20 radome has a lower overall angle of incidence. ]
}1 Other features include reduced foward edge discontinuities ST
‘e (chine areas) and increased curvature of the top/bottom _ M!qj
*h midsection. N -ﬂ
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RADOME MATERIAL EVALUATION
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With the F-20 radome geometry fixed, the radome window
anamolies removed (pitot, etc.), and the radar antenna size,
placement, movement defined, it was next necessary to choose
the most promising wall configuration and consider the
material selection, The electrically homogeneous first order
(half-wave) wall structure was selected based on its response
level over a wide incidence angle range for the radar o
bandwidth -- a choice superior to other configurations such e
as an "A" sandwich. The solid wall construction offers low N
radome wall reflection levels at relatively high incidence s e
angles, minimizes complexity in fabrication, and allows for .
accurate thickness control. The half-wave criterion for
optimum transmission was maintained at different antenna scan
angles by a longitudinal chickness-tape:r along the radome
wall., To assure that the required minimum RMS sidelobe
levels and maximum transmission were attained, two different
materials were selected, and two radomes of each material
were fabricated and tested. The first material was E-glass C0
which has a relative dielectric constant of approximately .
4.3, the second was quartz with a dielectric constant of
about 3.3 which more nearly matches that of the polyester
resin, All four radomes were made on the sawe mandrel; the
thicker quartz radomes were allowed to exceed the outer mold
line of the aircraft,
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Initial tuning of each radome, to control "electrical
thickness", was accomplished by the single horn
interferometer method with the "bare" radome still on the
mandrel. Final tuning was performed on an outdoor test range
with a "flight ready" radome complete with a polyurethane
rain erosion coating and segmented button lightning diverter
strips. The electrical correction was accomplished by
applying layers of silicon (adhesive) backed pressure
sensitive E-glass tape to selected portions on the inside of
the radome. The correction was made witl the emphasis to
minimize sidelobe levels. Boresight error was allowed to
increase, provided (1) the error was within an acceptable
repeatability between radomes and (2) the error rate was not
excessive., Boresight error can be corrected in the radar AR
processor provided the above criteria can be maintained. S

.
L)
BN, o 4 3 W

Figure 4 compares transmission and boresight error for the
two materials. Measurements were made at three frequencies
within the primary band. Each curve summarizes data from two
radomes of the same material. Any point on a selected curve o
represents an average, a minimum or a maximum value for a PR
given azimuth position at several elevation aryles. The L
average transmission effieciency for both E-glass and quartz DA
is above 90%; the minimum is 87%. The maximum and average =
| boresight error (vector sum beam deflection) for both
materials are comparable.
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Figure 5 shows the RMS sidelobe level of a typical E-plane
scan with the antenna offset 3¢ degrees above the nose at 0
degyrees azimuth. Note the reflection lobe at -55 degrees

(below the nose). Figures 6a and 6b summarize and compare W
the maximum reflection lobe values for both E-glass and -

B
.
PRSI, AN, N TS LY

e B
.7 x
. L W
TOIIN L T3 50

uartz. In these figures the maximum RMS reflection lobe —
evels for E-plane patterns at selected elevation antenna o };Qd
offset angles and 0 degree azimuth are plotted. The R
reflection lobes at both low and high frequencies within the . g-;§
primary band are shown in order to indicate the "worst case" DAY

condition, RS

N 3%

The quartz polyester material exhibits a slightly higher
transmissivity when compared with E-glass polyester.
However, boresight error and reflection lobe magnitudes are
comparable, Although the guartz material, with the lower
dielectric constant, will have a broadband response which
allows fo- an increased wall thickness tolerance, the
electrical performance of the two materials compare favorably
over the radar primary bandwidth. E-glass polyester is cost
effective, readily availble, and has been successfully used
in the shark nose radome. Based ~on the above rationale,

: E-glass polyester was selected as the laminate for the F-20
P radome .
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Y The F-20 Tigershark radome is fabricated from E-glass if :f%
{ polyester and protected by a polyurethane rain erosion . :
1} coating and segmented button lightning diverter strips. The ).$§,3
e radome wall design is a longitudinally tapered first order Lay{qu
L' (half wave) solid laminate. The shape is a derivative of the AN
- F-5 shark nose radome, optimized to satisfy the electrical }ﬁm)ﬁﬁ
N requiremeants of the AN/APG-67(V) multimode radar and preserve ;y“iyﬁ
EE aerodynamic performance., Electrical qualifiction K
~ measurements have shown that the radcme has met or exceeded IR
PN =Nt . S

Y all specification requirements. RN
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Figure 1. Shark Nose Radome (With Pitot Tube) and F-20 Radome.
229

C s - N
LN 38 S
FESSRNRARER RN S N




LR AP e oo
\h.N-h

'y X R 1,
.

7 7 7 //

The analytic surface which models the outer mold line

>
]
S—
.‘%

=

of the F-20 Radome.

Figure 2.




F-20 Radome

Shark Nose Radome

80.00 v Y
Sharki Nose Radomje A F-30 Nose Radfme
A2 Offset AN AZ Offset
7NN o
i NN W
A 70.00 TG0 SN2 \\\/——-10"
. ! 20° / A 20°
N R \;/ /Z \ 2
hin A P4
% G £0.00 i V4
ol E ///A/——
a3
- - 1 W
Fa N V4
¢ ¢ 50.00 »
. D 7
€ 7
,
N
/
g 40.00
L
£
v
. £ 30.00-4-
. L
i} Radome; Apex
- 20.00 - rrrtrr e e e e e
:4.‘. -60.0 -40.0 -20.0 0.0 20.6 40.0 £0.c
¢
3 ANT. ELEV. ANG. (POS. FOR LOOK UP)
B (b)
f:.
i'
Figure 3. (a) Cross-sectional cuts of the Shark Nose and F-20 radomes in
K 5 inch intervals starting frum the radome apex.
.
3 (b) Comparison of the incidence angles of the Shark Nose
;. (--~) and F-20 (—) Radomes.
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~BSTRACT:

RAUTHORS:

High Radiant Flux Thermal Testing of Ceramic and Ablative Coatings
For Hardening tHF Radomes

Various ceremic and ablation thermal protection systems are evatuated
for use over organic resin/glass composite radome shells. Test results
are presented fro= a 1000 cal/cmsec Xenon lamp flash facility include
back face temperature respone, transmitted flux, material loss, and
post flesh moisture absorption. Pre and post inserticen loss data is
2iso presentec¢ in the 18 to 26.5 and 33 to 50 GHz frequency ranges.

K.A. Zimmerman (Harris Corp.)
G.1%. Briand (Harris Corp.)
J.A. Fuiler (GA. Tech.)
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Introduction

Radomes for the Firebolt Aeriai Target (AQM-81A) facilitate an uncommon set
of operational conditions. The target vehicle is first carried captively.
Stones may be dislodged from the runway and impact the Nose or Inlet Duct
Radomes with considerable force. The drone has various flight profiles
after launch, encompassing levels of MACH 1.2 at 35,000 feet to MACH 4 at
100,000 feet. For flights of 10 minutes;/fattendant aerothermal Tloads
produce temperature peaks of 680°F and 980°F for the Nose and Inlet Duct
units, respectively. Firebolt is normally retrieved, by helicopter after
its parachute deploys, for refurbishment and re-use . Occasionally, sea
recovery is effected using flotation gear. Electrically, the Nose Radome
accommodates an L-band antenna for the electronic scoring system, and a
small circularly polarized X-band horn. The Inlet Duct Radome houses an
identical broad-beamed horn.

rd

The Radomes

The Nose Radome is a nearly conical body of revolution and is slightly more
than 6.5 inches in base diameter and greater than 13 inches in length, plus
pitot probe. It is a half-wave laminate at X-band and is re-yseable.
Thickness forward of the mounting provisions tapers from approximately 0.34
to 0.40 inches. It is sealed against sea water leakage and mounts over
already in-place antennas, pitot probe, and base seal provisions.

The Inlet Duct Radome is an electrical thin-wall and is often re-useable
but discarded after sea water exposure. This wall allows a close clearance
around the horn antenna, permits a minimum drag frontal cross-section, and
is relatively inexpensive to replace after sea water exposure. The frontal
region is the antenna window portion and is 0.060" thick; the remaining

length and flange attachment area is 0.080" thick. U
Radome locations and shapes are illustrated in Figure 1. Both use BPI-373 Y
quartz/polyimide materials for best electrical permittivity in temperature el
capable laminates. Fluoroelastomer coatings are used to accommodate the 4
high temperatures. P 8
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Foreign Object Impact

The radomes were designed to withstand impacts by 10 gram stones at 185
knots for nose-on and angles up to 20° from the longitudinal axis. No
catastrophic failure or structural damage which wauld impair the ability to
withstand design loads was allowable.

Foreign object impact testing was conducted by the Army Materials &
Mechanics Research Center (AMMRC). Irregular shaped stones were selected
from a driveway and fired by a pressure launch tube. Radomes were mounted
on a fixture allowing setting the line of sight. Computer monitoring and
computations gave projectile path information and an accurate velocity just
before impact.

Each radome was impacted with three test shots as follows:

Nose Radome Tests inlet Duct Dome Tests

Angle Weight Velocity Weignt Velocity

0° 10.73 gms 196 knots 10.11 gms 157 knots
10° 11.24 226 9.3 163
20° 11.02 270 9.3 244

The rugged Nose Radome is essentially impervious to such impacts. All hits
were in the forward half-length and damage was restricted to coating tears
and surface mars less than the depth of the outer laminate ply. The Inlet
Duct radome's outer ply was locally fractured and the inside surface was
crazed, however subsequent tests applying the applicable temperature
profile and worst case aerodynamic loads were completed successfully, thus
demonstrating that structural integrity was maintained.

Protective Coatings, Temperature Shock Tests

Candidate protective coatings were screened to evaluate behavicr under
temperature exposure, and in particular to determine whether electrically
lossy char materials were formed. Materials included proprietary paints,
Teflon, and fluoroelastomer rain erosion protective coatings. Three colors
of each material were tested, this to allow selection of a bi-color scheme
on radomes as a maintenance inspection technique. Temperature exposure was
to 980°F on panels 0.060 inches thick. The paints allowed panel blister-
ing. White Teflon protected the panel, but color additives allowed panel
blistering with a ccating thickness of 0.003". The fluoroelastomer also
allowed panel blistering with 0.003" of coating, but protected the panel
well when used in a full 0.010" thickness as appropriate for rain erosion
protection. Neither the Teflon nor the fluoroelastomer gave lossy chars,
the electrical effects measuring tenths of a db. The fluoroelastomer was
selected for its rain protection features after determining that it
permitted the required electrical performance on the thin-wall Inlet Duct
Radome.
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The qualification Nose and Inlet Duct Radomes were tested to the total
flight time-temperature profile. Figures 2 and 3 show the profiles for the
Nose and Inlet Duct Radomes, respectively. The Nose Radome's outer surface
is white, whereas the Inlet Duct uses black. Special test set-ups were

oy . A
RN
SR
=Euu}::
made to impose the necessary temperatures. Quartz lamps were arranged in §3j7!{§
shaped shrouds and controlled by variac. Cooi-down control was attained by L
shroud removal and blown air exposure. These means allowed temperature ﬂ;i_(kg
achievements virtually overlaying the desired profiles. Since the target --:,13l§
Nose Radome life was at least 10 flights, one Nose Radome was subjected to ::;:hizg
10 cycles of its temperature profile. The Inlet Duct Radome is counted-on '“““1;‘3
for only a single flight at the extreme conditions, but re-use will occur ;‘;*3,,
if appropriate. Therefore an Inlet Duct Radome was tested for two cycles. iif{;gﬁ
A1l electrical and structural qualification tests were conducted using ;;35523%
these units subsequent to temperature exposure and successfully met “n ?{E

erformance criteria. NISTACR
per ;.:{;»< -ﬁ

®

-:3?

Sea Water Immersion

v

The Nose Radome is designed for re-use after a sea recovery of the Firebolt
vehicle. After immersion in sea water to a depth of 12 feet for 8 hours,

’ B
PR
= . L
. e, e
., .m . L. R

it is refurbished by fresh-water flushing. The radome body is sealed f T
against leakage via the rain erosion coating. The base region has a ERCERISs
controlled inner surface to fit a special seal, including one radome area o R
machined to target inner diameter within a tolerance of +0.001". After SN
laminating directly to a metal pitot sleeve, resin is carefully added to I~ _.;\Q
prevent leakage in this region. Sealing around mounting bolts in the pitot veo 'ﬁ
and base attachment must be accomplished after the radome is installed to -+ ”""%
the vehicle. = :a-@

AR
Leakage and Sea Water Immersion Tests were conducted during radome qualifi- oo :f,g
cation. First, the sealed unit was mounted on a test fixture and held to R
the equivalent of 100,000 feet altitude for an hour. Ten minutes of high e }:E
temperature exposure (more than 680°F) was then implemented. The radome r °

o temperatures and pressure were reduced to room ambient within 15 minutes Tt

and the radome was immersed in water within an additional minute. After S
one hour exposure, inspection revealed water within the radome interior due T
only to condensation of entrapped air. Sea water immersion testing was S
then effected by 40 hours exposure in a pressure vessel. No water was o el
found and no damage detected after the test.
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Structural Loads BRI
: LR
- The radomes were analyzed and tested to verify their structural loads RN,
¢ capabilities. The analyses included free flight dynamic pressures, free- D e 1
- flignt pressures during maximum aerodynamic heating, and water impact T T4

loads. High structural margins of safety were predicted by analysis for
both the Nose and Inlet Duct Radomes for all loading conditions.

Both the Nose and Inlet Duct Radomes were subjected to structural loads ..
P tests for the most severe flight loads and for the water impact loads. Both X
N flight and water impact loads for the Nose Radome were applied using TEL
hydraulic cylinders and metal load straps while concurrently pressurizing P
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or evacuating the interior radome cavity. Flight lToads for the Nose Radome
were simulated using three strap locations and pressurizing the interior
radome cavity to 30 psid bursting pressure while maintaining the radome
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temperature to 600°F. Water impact loads for the Nose Radome were applied = °
in the same fashion at room temperature but with the interior radome cavity A,
evacuated to produce a 3.4 psid collapsing pressure. The Inlet Duct Radome e

was tested at 400°F, first by evacuating the interior radome cavity to 20.1 RS
psid crushing pressure, and then by pressurizing the interior radome cavity ST
to 21 psi bursting pressure.

Other Qualification Tests

The Nose Radome was also tested for vibration and shock. Vibration was
along each of three orthogonal axes, and included four different durations
and ltevels up *o 13.38¢g RMS. A total of 18 shocks were applied with 11
millisecond duration and peak values up to 15g. The radome was unaffected
by these tests.

[

Electrical Performance

Antenna locations are indicated in Figures 4 and 5. The X-band horns are
circularly polarized and provided beam widths of approximately 70° centered
at -25° elevation over a frequency range of 8.5 to 10.25 GHz. A waveguide
twist is used as the means to orient the horn and maintain the routing to
the transmitter in a compact space. The L-band scoring system antenna
operates over the 1.675 to 1.875 GHz band. A turnstile configuration
provides the radiating structure in the Nose Radome location. All of the
antennas are fixed with respect to the radomes.

The primary criteria for radome electrical performance are lTow loss and the
maintenance of angular coverage. System radiation patterns were measured
in comparison to the reference horn patterns. Within the 70° azimuth x 70°
elevation half-power points, the requirement was that absorption and other
effects cause deviation nc worse than -2db for 90% of the coverage area.
Further, pattern beamwidth narrowing could not exceed 15°, and the angular
shift could not cause the midpoint between half-power points to shift more
than 2°. Both radomes met this criteria. Measurements were made using the

ﬁ; circularly polarized horn within the radomes and spinn1ng linear polariza-
- tion down range. The Nose Radome result is shown in Figure 6 for the LAY
. center frequency azimuth pattern through beam peak. RENRESRE:
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